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“‘For I know the plans I have for you,’ declares the Lord, ‘plans to prosper you and not to 
harm you, plans to give you a hope and a future. Then you will call on me and come and 
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 Poly(ethylene terephthalate) (PET) is the dominant plastic in the beverage packaging 
industry; however, unacceptable barrier performance to oxygen and carbon dioxide limit 
advancement into more demanding markets (i.e., juice containers, alcoholic beverages, 
small serving packages, etc.). Due to the scale at which PET is utilized in the global 
market, the most cost efficient method to improve the barrier properties is to modify the 
existing processing platform. Such modification can be realized via the process of 
antiplasticization, which occurs when a low molecular weight diluent is added to the 
polymer and the resultant glassy mixture exhibits a reduction in penetrant transport and 
chain mobility vs. the neat polymer. The first portion of this thesis provides a detailed 
investigation regarding caffeine antiplasticization of amorphous PET by characterizing 
the resultant gas transport, thermal, and mechanical properties of the antiplasticized 
materials compared to neat PET. The goal for this work is to advance the current 
understanding of engineered antiplasticization as a tool for barrier property enhancement. 
 In addition to antiplasticization, much research has been conducted to find bio-
sourced alternatives to PET to reduce petroleum dependence and carbon dioxide 
emissions. Particular focus has been devoted to poly(ethylene furanoate) (PEF), which is 
a furanic, bio-sourced alternative to PET with greatly enhanced barrier properties and 
attractive thermal and mechanical properties. Specifically, the transport data reported 
herein at 35°C illustrate that amorphous PEF exhibits significant reductions in 
permeability for oxygen (11X), carbon dioxide (19X), and water (2X) compared to 
amorphous PET. Such impressive barrier enhancements, which were experimentally 
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determined using complementary permeation, pressure-decay sorption, and gravimetric 
sorption techniques, are unexpected since PEF exhibits a higher free volume compared to 
PET. Further investigation into the fundamental chain motional processes which 
contribute to penetrant diffusion, as probed via dynamic mechanical and solid-state 
NMR, reveals that the polymer ring-flipping motions in PEF are largely suppressed 
compared to those for PET. Such behavior, while unexpected when considering the 
structural similarity for PET vs. PEF, allows for rationalization of the reduced transport 
properties for PEF compared to PET. 
 This work, which focuses on understanding the fundamentals of penetrant transport in 
antiplasticized PET and amorphous PEF, can therefore be envisioned to provide a two-
pronged approach to: 1) facilitate expansion of polyester barrier materials into more 

















1.1. Overview of Barrier Polymers and Applications 
 Plastic materials have achieved widespread implementation in food packaging 
applications due to the development of technologies to facilitate processing. The benefits 
of plastics versus metal or glass are founded in cost, ease of processing, durability, 
weight, and versatility of the final product, among others [1]. In contrast to metal and 
glass, which are effectively “perfect” barriers to penetrant transmission (i.e., oxygen, 
water, carbon dioxide, etc.), polymers are inherently permeable [2, 3]. This reality for 
plastics can have either positive or negative implications regarding the packaged 
contents. For example, it is desirable to have a “breathable” package that can 
accommodate respiration of live produce or living cells (e.g., blood), while a breathable 
package for peanut butter would be disastrous (e.g., due to hydrolytic and oxidative 
rancidity [4]).  
 Food and beverage products are often highly susceptible to the detrimental effects of 
oxygen. Specifically, most soups, canned vegetables, alcoholic beverages (i.e., beer), and 
dairy products can only tolerate an influx of 1 to 5 ppm oxygen per year at room 
temperature [5]. Additional packaging constraints often require barrier protection against 
oils or volatile organics, since the “loss” of such flavor and aroma molecules via 
absorption into the container walls is undesirable (i.e., “flavor scalping” [6]). These 
negative effects are particularly important for soft drink containers, where the beverage 
taste can be altered by both flavor scalping and oxidation of the flavor/aroma molecules 
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via contact with oxygen [4, 7]. 
 In addition to barrier properties, it is also important to understand the expected shelf-
life and market demands for the final packaged product. For example, while milk is 
highly sensitive to oxygen, the plastic container (i.e., high density polyethylene, HDPE) 
can exhibit high oxygen transmission rates due to the relatively short shelf life of the 
product [8]. HDPE is not suitable for beer bottles, however, due in part to the requirement 
for a longer shelf life and a smaller bottle size (i.e., increased surface area to volume 
ratio). This latter point is further illustrated by the carbonation requirements for soft drink 
containers (i.e., <15% carbon dioxide loss during the shelf life [8]), where the surface 
area to volume ratio for a 3L bottle is lower than in a 20 oz bottle, and consequently, the 
20 oz bottle will require more stringent barrier properties vs. the 3L bottle [9].  
 The transport properties of a polymer are determined by a combination of factors, 
which include the polymer morphology (i.e., amorphous vs. semi-crystalline), 
temperature, affinity between penetrant and polymer, concentration, and chain 
orientation, among others [10-14]. The presence of crystallinity is important, since 
polymer crystals are impermeable to penetrant sorption and diffusion [14, 15], and 
thereby improve the barrier properties of the semicrystalline vs. amorphous morphology. 
It is also generally observed that polymers with polar moieties are typically poor barriers 
to water but good barriers to non-polar penetrants (i.e., hydrocarbons). Alternatively, 
polymers with non-polar moieties are typically poor barriers to hydrocarbons but 
excellent barriers to water. Illustration of this notion is provided in Table 1.1 [16], which 
provides a list of selected barrier polymers alongside the penetrants they hinder most 
effectively. Complementary oxygen and carbon dioxide barrier property data for a wide 
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variety of polymers is provided in Table 1.2.  
 
Table 1.1. Selected polymers alongside the penetrants they hinder effectively (from ref. [16]). 
Polymer Effective barrier against 
Poly(vinyl alcohol) Oxygen (when dry), solvents 
Poly(vinylidene chloride) Oxygen, water vapor 
Aromatic liquid crystalline polymers Oxygen, water vapor, most solvents and vapors 
Poly(ethylene-co-carbon monoxide) Oxygen, solvents 
Poly(ethylene-co-vinyl alcohol) Oxygen 
Polypropylene Water vapor 
Polyethylene Water vapor 
Semi-aromatic polyamides (6-I, MXD-6) Oxygen 
Aliphatic polyamides Hydrocarbons 
 
 















Poly(dimethyl siloxane) 440 2300 23 Amorphous 
Polyethylene/vinyl acetate (85/15) 5.0 18 25 Moderately crystalline 
Polystyrene (molded) 2.5 9.7 25 Amorphous 
Polypropylene (molded) 1.7 7.2 25 Highly crystalline 
Cellulose acetate (unplasticized) 0.68 5.0 25 Amorphous 
Poly(methyl methacrylate) 0.102 — 25 Amorphous 
Poly(vinyl chloride) (rigid) 0.05 0.24 30 Amorphous 
Poly(vinylidene fluoride) 0.04 0.36 25 Highly crystalline 
Poly(ethylene terephthalate) 0.03 0.10 25 Highly crystalline 
Poly(vinylidene chloride) 0.0020 0.012 25 Highly crystalline 
Poly(acrylonitrile) 0.00022 — 25 Moderately crystalline 
Poly(vinyl alcohol) (bone dry) 0.000001 0.00001 25 Highly crystalline 








b: Crystallinity class is defined as follows: Amorphous ( < 20% crystallinity), Moderately 
crystalline ( < 50% crystallinity), and Highly crystalline ( > 50% crystallinity), where crystallinity 





 As seen in Table 1.2, the polymers with the lowest oxygen and carbon permeabilities 
are semicrystalline and have at least one polar functional group. Polar moieties typically 
increase cohesion between neighboring chains, thereby increasing the energy needed for 
a penetrant molecule to separate the tightly packed chains and permeate through the 
matrix (i.e., compared to the energy required to separate the non-polar chains in 
polyethylene [18]). This notion is evident for dry poly(vinyl alcohol) as seen by the 
exceedingly low permeabilities in Table 1.2, which originate from the presence of 
hydrogen bonding between neighboring polymer chains [18]. A list of common moieties 
found in high barrier polymers is provided in Table 1.3 [18], where polarity is 
undoubtedly a unifying feature. 
 

















 Polymers which contain one or more of the polar moieties in Table 1.3 have a natural 
affinity for water [18], and in some cases, the presence of water can compromise the 
barrier properties of the polymer. For example, poly(vinyl alcohol) exhibits a very low 
oxygen permeability of 0.000001 Barrer in the bone dry state, versus an increase by 5 
orders of magnitude to 0.11 Barrer in the presence of 90% relative humidity [17]. This 
reality, coupled with the common demand for barrier protection against both water and 
oxygen, often necessitates packaging solutions that extend beyond pure polymers. 
 Barrier improvement techniques are multifaceted, and can entail polymer blending 
[19], multi-layered laminates [20], coatings [21], and incorporation of inorganic fillers 
[22] or oxygen scavengers [23], among others [24]. Incorporation of pure polymers into 
laminate structures is popular in the food packaging industry, where the expensive or 
hydrophilic oxygen barrier polymer (i.e., poly(vinyl alcohol)), can be “sandwiched” 
between polymer layers that are poor barriers to oxygen but good barriers to water [20]. 
Depositing transparent inorganic coatings on the polymer surface is also attractive [21, 
25, 26]; however, the thin coating is susceptible to “cracking,” which can compromise the 
efficacy of the entire coating. A different approach to barrier improvement involves 
incorporation of “scavenging” molecules inside the polymer matrix, thereby creating an 
“active” barrier. Oxygen scavengers, for example, reduce the oxygen influx into packages 
which contain highly sensitive contents (i.e., beer) by reacting with the oxygen as it 
permeates into the container walls [23, 27-29]. Additional barrier improvement 
techniques are discussed in Appendices C (graphene nanocomposites) and D (miscible 
and immiscible polymer blends).  
 The barrier improvement techniques discussed thus far, while effective, are often not 
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implemented due to the complexity in manufacturing (i.e., capital cost of equipment), 
large scale of production, and lack of recyclability regarding the finished product [24]. 
Such implications are the basis for the current work regarding polyester materials for 
beverage packaging applications, as discussed in the next section.  
 
1.2. Motivation 
Poly(ethylene terephthalate) (PET) has been the dominant polymer in the beverage 
packaging industry for the past four decades due to its optical clarity, barrier properties, 
and competitive performance-to-cost ratio [9]. While PET has met many of the current 
global packaging needs, high oxygen transmission rates coupled with the use of 
petroleum-derived terephthalic acid (TA) limit effectiveness for oxygen-sensitive 
beverages and environmental sustainability, respectively. Due to the scale at which PET 
is used in the global market, the most cost efficient method to improve the barrier 
properties is to modify the existing processing platform [24]. The latter technique can be 
accomplished via the process of antiplasticization [30-33], which occurs when a low 
molecular weight diluent is added to the polymer and the resultant glassy mixture 
exhibits a reduction in free volume and segmental chain motion. Natural consequences of 
antiplasticization entail a reduction in gas transport compared to the neat polymer, 
increased short-term mechanical modulus, and a reduction in glass transition temperature 
[34]. The current work investigates both the transport and thermal/mechanical property 
ramifications associated with antiplasticizing amorphous PET with caffeine, which has 
been identified by The Coca-Cola Company as a potential antiplasticizer for PET. 
In addition to antiplasticization, much research has been conducted to find bio-
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sourced alternatives to PET to reduce petroleum dependence and carbon dioxide 
emissions [7, 35-37]. Polyesters synthesized from 2,5-furandicarboxylic acid (FDCA) 
have received recent attention due to improved performance over PET coupled with the 
potential for fully renewable sourcing. Poly(ethylene furanoate) (PEF), which is the 
direct furan analog to PET, is particularly promising since PEF exhibits an 11X reduction 
in oxygen permeability [38] and 19X reduction in carbon dioxide permeability [39] vs. 
PET. This barrier enhancement for PEF is further accompanied by an increase in glass 
transition temperature, decrease in melting temperature, and increase in mechanical 
modulus [40]. The remainder of the work reported herein will investigate both the 
transport and thermal/mechanical properties of PEF, with a particular focus on relating 
the differences vs. PET to polymer structure and inherent chain motional processes. This 
fundamental information is required before PEF can be integrated into the global 
polyester market. 
This work provides a two-pronged approach to improving the barrier properties of 
polyester materials to facilitate expansion into more challenging markets (i.e., beer, fruit 
juices, etc.). In addition to expanding the application base for polyester barrier materials, 
improved barrier properties will also benefit the soft drink container industry via 1) 
prolonged product shelf life (i.e., if the wall thickness is preserved vs. the original 
material), 2) reduced wall thickness to achieve the same barrier properties as the original 
material (i.e., reduced material costs to produce a bottle and a reduction in plastic waste), 
and 3) reduced environmental impact (i.e., renewable sourcing of monomers and 




1.3. Research Objectives 
 The overarching objective of this dissertation is to develop a fundamental 
understanding of penetrant transport in: 1) caffeine-antiplasticized PET, which will serve 
to advance the current understanding of engineered antiplasticization as a tool for barrier 
property enhancement, and 2) amorphous PEF, which is the recently introduced furanic 
analog to PET with greatly enhanced barrier properties and attractive thermal and 
mechanical properties. Specific objectives to achieve this goal are listed as follows: 
 
1.3.1. Objective 1 
Characterize the oxygen and carbon dioxide pure gas permeability at 35°C in amorphous 
PET antiplasticized with caffeine. 
 Antiplasticization occurs when a low molecular weight diluent is mixed with a 
polymer and the resultant glassy mixture exhibits a reduction in free volume, segmental 
chain mobility, and gas permeability. The extent of antiplasticization correlates directly 
with the amount of antiplasticizer mixed with the polymer. This objective entails 
characterization of the pure gas permeability of both oxygen and carbon dioxide in 
amorphous PET antiplasticized with varying levels of caffeine, with the goal of 
quantifying such barrier improvements. The reduction in penetrant permeability for all 
antiplasticized samples can be further separated into the specific diffusion and sorption 
contributions, thereby providing a more detailed understanding of the antiplasticization 





1.3.2. Objective 2 
Characterize the oxygen and carbon dioxide pure gas solubility at 35°C in amorphous 
PET antiplasticized with caffeine. 
 Complementary to Objective 1, which pertains to permeation testing, this objective 
quantifies the pure gas solubility reduction compared to neat PET for samples 
antiplasticized with varying levels of caffeine. Experimental measurement of the oxygen 
sorption properties for PET and antiplasticized PET is challenging due to low oxygen 
uptake resulting from minimal interaction between oxygen and the glassy matrix. 
Improvements to the traditional pressure-decay sorption technique, discussed later in 
Chapter 3, partially resolve such challenges, thereby allowing for more accurate 
determination of the fundamental penetrant sorption properties in glassy PET. The 
oxygen and carbon dioxide sorption data corresponding to this objective, in combination 
with the permeation data measured in Objective 1, complete the transport data set 
necessary for understanding the mechanism of antiplasticization in PET. Data aligned 
with Objectives 1 and 2 are provided in detail later in Chapter 4. 
 
1.3.3. Objective 3 
Investigate the effect of temperature on the oxygen and carbon dioxide pure gas 
permeability in amorphous PEF. 
 As mentioned previously, PEF is the recently introduced furanic analog to PET with 
greatly improved barrier properties. Detailed understanding of both oxygen and carbon 
dioxide transport in PEF is necessary to scale up industrial applications in the PET-
dominated bottling industry, which is currently sized at ~15 million metric tons/year [41]. 
10 
 
This objective quantifies the pure gas permeability of both oxygen and carbon dioxide in 
amorphous PEF at multiple temperatures, thereby allowing estimation of the apparent 
activation energies of permeation for both penetrants. Permeation data for oxygen and 
carbon dioxide in PEF can be separated into the diffusion and sorption contributions, 
which, when compared to the respective properties for amorphous PET, provides insight 
into the mechanism behind the greatly enhanced barrier properties for PEF vs. PET. 
 
1.3.4. Objective 4 
Investigate the effect of temperature on the pure component solubility of oxygen, carbon 
dioxide, and water in amorphous PEF. 
 Complementary to Objective 3, which discusses permeation testing in amorphous 
PEF, Objective 4 utilizes pressure-decay sorption to measure the solubility of oxygen and 
carbon dioxide in amorphous PEF at multiple temperatures. Estimates for the apparent 
enthalpies of sorption for both gases in PEF, when combined with the respective 
activation energies of diffusion, can provide estimates for the activation energies of 
permeation. Such estimates can be cross-verified, for internal consistency, with the values 
determined from permeation testing in Objective 3. The sorption data for oxygen and 
carbon dioxide determined in this objective, when combined with the data from Objective 
3, complete the data set regarding non-condensable gas transport in amorphous PEF. 
Sorption measurements pertaining to water, which is significantly more soluble in PEF 
compared to oxygen and carbon dioxide, are determined and cross-verified using three 
independent gravimetric methods. Data corresponding to oxygen and carbon dioxide 
transport are provided later in Chapters 6 and 7, respectively, while water sorption data 
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are provided in Chapters 8 and 9. 
 
1.3.5. Objective 5 
Characterize the intrinsic thermal and mechanical properties of PEF compared to PET in 
both the dry and hydrated state. 
 In addition to evaluating the barrier performance of PEF compared to PET, it is also 
important to understand the thermal, mechanical, and chain mobility properties compared 
to PET. Such information has direct implications to carbonated beverage containers, 
which are required to maintain physical shape under pressures of ~6 atm carbon dioxide 
[4]. Polymer chain motions related to penetrant diffusion in PEF compared to PET are 
probed via dynamic mechanical and solid-state NMR methods, thereby providing insight 
into the underlying mechanism for the performance enhancements for PEF vs. PET. 
Additional insight regarding the effect of water sorption at unit activity in both polyesters 
is obtained via tensile testing on both wet and dry samples, and information regarding 
thermally-induced physical aging in PEF, measured via three independent methods, 
facilitates understanding of the time-dependent properties of the amorphous glass. 
 
1.4. Thesis Organization 
 This dissertation comprises twelve total chapters, which includes this introduction. 
Chapter 2 introduces the theory governing gas and vapor transport in polymeric materials 
and the relevant equations used in modeling such transport processes. Chapter 3 describes 
the materials utilized in this work, along with descriptions for the experimental methods 
employed throughout the remainder of the thesis. The phenomenon of caffeine 
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antiplasticization in amorphous, glassy PET is discussed in Chapter 4, thereby illustrating 
the PET barrier improvements achievable via such approach. An introduction to PEF, 
including the differences compared to PET, regarding chain mobility, thermal, and 
mechanical properties is provided in Chapter 5, while Chapters 6 and 7 provide detailed 
oxygen and carbon dioxide transport studies for amorphous PEF, respectively. The latter 
transport data are further complemented by the investigation of water sorption and 
diffusion in PEF compared to PET provided in Chapters 8 and 9, respectively. Chapter 10 
describes physical aging in glassy, amorphous PEF as probed via thermal, volumetric, 
and oxygen transport methods, and Chapter 11 outlines a MATLAB
®
 methodology useful 
for fitting complex infinite series solutions directly to experimental kinetic sorption data. 
Chapter 12, which is the final chapter, provides a high-level overview of the major 
contributions realized by this work and concludes with a discussion regarding potential 
topics for future research. Additional selected topics, which are relevant to the 
overarching topic of transport in barrier materials, are provided via the Appendices at the 
end of this dissertation. 
 Much time has been devoted to organizing the many topics of this thesis into an 
accessible format. Chapters 4 – 11 each represent “stand-alone” studies that are relevant 
to the overarching goal of this thesis. This format was chosen to make the information 
accessible, enabling the reader to navigate directly to the topic of interest via the table of 
contents. Furthermore, the chapters have been organized logically to discuss 
PET/caffeine antiplasticization first, followed by all chapters pertaining to the 
fundamental properties of PEF vs. PET (i.e., chain mobility differences first, followed by 
non-condensable gas transport, vapor transport, and aging, in that order). Chapter 2 
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includes all background and theory necessary to understand the remaining thesis 
chapters; however, in some cases, select equations which are utilized extensively in a 
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 This chapter outlines the fundamentals of penetrant transport in polymeric materials 
within the framework of the sorption-diffusion model. Relatively non-condensable gases 
obey simple dual-mode sorption and Fickian diffusion behavior, while vapors and highly 
interacting penetrants often require treatment with more advanced sorption and diffusion 
models. This chapter provides the background and theoretical framework necessary to 
interpret the data presented in the remainder of the thesis. 
 
2.1. Transport Properties 
 Small molecule transport across a dense polymer film occurs via the solution-
diffusion model, where a penetrant molecule 1) absorbs into the polymer at the high 
chemical potential side of the film, 2) diffuses through the polymer down the chemical 
potential gradient, and 3) desorbs at the low chemical potential side of the film [1]. The 
flux (Ni) of penetrant “i” across the film is therefore described by Equation 2.1, where μi 
is the chemical potential of species i, x is the spatial dimension spanning the film 
thickness, and Li is a proportionality constant [1]. 
 
 




 (2.1)  
   
 The solution-diffusion model for transport in dense films assumes that the penetrant 
in the gaseous phase is in equilibrium with the penetrant inside the film at both film 
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surfaces, which allows for a continuous chemical potential gradient across the dense film 
[2]. The framework also assumes that the pressure throughout the film is equal to that 
applied on the high pressure side, thereby removing any pressure gradient across the film 
thickness. Such assumptions are illustrated in Figure 2.1. 
 
 
Figure 2.1. Solution-diffusion model representation for diffusion across a dense film [2]. 
 
 In the absence of a pressure gradient, the chemical potential can be related to the 
penetrant concentration (Ci) via Equation 2.2, where R is the universal gas constant, T is 
the temperature in Kelvin, and γi is the activity coefficient [1, 2]. 
 
  ln i i id RTd C  (2.2)  
 
 Substitution of Equation 2.2 into Equation 2.1 therefore yields, after slight 
rearrangement, the convenient expression in Equation 2.3 for the penetrant flux in terms 
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 (2.3)  
  
 The discussion thus far is included to illustrate the relationship between penetrant flux 
and chemical potential vs. concentration gradients. All discussions throughout the 
remainder of this work will refer to diffusion in terms of concentration, which is 
experimentally easier to quantify. It is now useful to examine, individually, the separate 
sorption and diffusion contributions to penetrant transport within the overarching context 
of the solution-diffusion model. 
 
2.1.1. Solubility 
 Within the framework of the solution-diffusion model, a penetrant molecule must first 
sorb into the polymer at the high pressure side of the film before it can diffuse down the 
concentration gradient across the film. The concentration (C) of a pure penetrant within a 
polymer is related to the pressure at the polymer surface by the equilibrium sorption 
coefficient (S) and pressure of the penetrant (p), viz. [5]:  
 
  C S p p  (2.4)  
 
 The sorption coefficient, which is typically pressure dependent for glassy polymers 
and ideally pressure independent for rubbery polymers in the absence of swelling [6], can 
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be rearranged via Equation 2.5 to yield an expression for the average sorption coefficient 
( S ) over a specified pressure interval, starting from zero pressure (i.e., both p1 and C1 
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 (2.5)  
 
 The sorption of a penetrant in a polymer is determined by multiple factors, which 
include temperature, polymer morphology (i.e., semi-crystalline, oriented, amorphous), 
penetrant condensability, and the affinity between penetrant and polymer. Penetrant 
sorption in a polymer usually correlates with the penetrant critical temperature, in that a 
higher critical temperature signifies greater condensability for the penetrant [7]. A list of 
critical temperatures for common small-molecule penetrants is provided in Table 2.1. 
 
Table 2.1. Critical temperatures of common small-molecule penetrants [7]. 








 Equilibrium sorption coefficients, when measured at multiple temperatures, are 
amenable to the van’t Hoff representation in Equation 2.6 [8], where S represents the 
sorption coefficient, S0 is the pre-exponential factor, ΔHS is the apparent enthalpy of 
sorption, R is the universal gas constant, and T is the temperature in Kelvin. Detailed 
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applications of Equation 2.6 to model-specific sorption coefficients are discussed later in 










S S  (2.6)  
 
 Penetrant sorption in a polymer can be described thermodynamically as the penetrant 
sorbing into the polymer to create a “mixture.” In fact, a quantifiable energy can be 
associated with both the penetrant “condensing” within the matrix and the actual process 
of mixing, such that the apparent enthalpy of sorption (ΔHS) can be further separated into 
such counterparts via Equation 2.7 [5].  
 
    S cond mixH H H  (2.7)  
 
 In Equation 2.7, ΔHcond is the enthalpy of penetrant condensation and  mixH  is the 
partial molar enthalpy of mixing. For “permanent” gases, which have low critical 
temperatures (i.e., H2, N2, O2 in Table 2.1), ΔHcond is negative but relatively small in 
magnitude, while for condensable vapors (i.e., H2O in Table 2.1), ΔHcond is negative but 
much larger in magnitude. This notion, in combination with the reality that  mixH  
exhibits small, positive values in both cases, reveals that ΔHS is largely dominated by the 
“condensability” of the penetrant. Negative values of ΔHS, in combination with the 
relationship in Equation 2.6, therefore indicate that penetrant sorption will decrease with 




 As mentioned previously, penetrant diffusion occurs via the Fickian relationship in 
Equation 2.3 within the framework of the solution-diffusion model. In a more 
phenomenological description, diffusion can be portrayed via Equation 2.8 from random 
walk theory [12, 13], where λ is the path length of a molecular jump, f is the frequency of 
jumps, and the factor 1/6 relates to a random walk in an isotropic medium. The jump 
frequency is a measure of how often molecular-sized holes form in the medium, and for 
polymers, is fundamentally related to the segmental chain mobility. A more detailed 





D f   (2.8)  
  
 Similar to the sorption coefficient in Equation 2.5, which reflects the average value 
over a specified pressure or concentration interval, an average diffusion coefficient can be 












D D C dC
C C
 (2.9)  
 
 It naturally follows from Equation 2.9 that D D for the case of a constant diffusion 
coefficient (i.e., ideal diffusion at a fixed temperature in a rubbery material [6]). 
Concentration dependent diffusion coefficients are commonly observed in many diffusion 
23 
 
cases involving polymers. For example, ideal diffusion in glassy polymers, as described 
by the partial immobilization model (discussed later in Section 2.3.3), naturally invokes a 
variable average or local diffusion coefficient. Such variability can be even more 
pronounced in complicated diffusion cases involving plasticization or clustering [15, 16], 
as will be discussed later in Chapter 9 [17]. 
 In practice, it is common to experimentally measure the effective diffusion coefficient 
(i.e., D  from Equation 2.9) over a discrete pressure or concentration interval. Such 
measurement, which yields an estimate for the average diffusion coefficient, gives little 
information regarding the functional dependence of D on concentration (i.e., D(C) from 
Equation 2.9). If multiple concentration intervals are measured in series, however, the 
functional form of D can be inferred by plotting D  versus the average concentration 
employed in the discrete interval [3]. A commonly observed functional form for D(C) is 
provided via the exponential relationship in Equation 2.10 [18-21], where D∞ is the 
infinite dilution diffusion coefficient (i.e., D(C=0)) and β is a constant. Application of 
Equation 2.10 for water diffusion in PET and PEF is provided in Chapter 9 [17], and a 
comprehensive list of potential functional dependencies for D(C) can be found elsewhere 
[3]. 
 
    exp D C D C  (2.10)  
 
 As will be discussed in Section 2.4, D  can be estimated via kinetic sorption 
experiments during either penetrant sorption into the polymer or penetrant desorption out 
of the polymer. Such detailed estimates are useful, however, a more accurate 
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approximation for D  can be obtained by averaging the estimate determined from 
sorption (i.e., sorptionD ) and desorption (i.e., desorptionD ) via Equation 2.11 [3]. Direct 





   
 
sorption desorptionD D
D  (2.11)  
  
 Similar to penetrant sorption in polymers, diffusion is also governed by a variety of 
factors, which include temperature, kinetic diameter of the penetrant, free volume of the 
polymer, and polymer morphology (i.e., semi-crystalline, oriented, amorphous), among 
others [6]. As mentioned previously, a molecular sized hole must form in the polymer and 
remain open long enough for the penetrant to “jump” into the hole for diffusion to occur. 
It is therefore logical to imagine that a relatively large penetrant molecule (i.e., methane) 
will diffuse more slowly through a polymer compared to helium, which is smaller, due to 
the larger penetrant size and reduced frequency of formation for “holes” large enough to 
accommodate the larger penetrant. Such behavior results in the commonly observed 
negative correlation between kinetic diameter and diffusivity, where a list of kinetic 







Table 2.2. Kinetic diameters for various common penetrants [7, 22]. 









 The penetrant diffusivity, when measured as a function of temperature, is amenable to 
the Arrhenius analysis provided in Equation 2.12 [23], where D0 is the pre-exponential 
factor, ED is the apparent activation energy of diffusion, R is the universal gas constant, 
and T is the temperature in Kelvin. The pre-exponential factor for diffusion can be further 
described using transition state theory via Equation 2.13 [6, 24-26], where λ is the 
diffusion path length during a diffusive “jump,” k is Boltzmann’s constant, h is Planck’s 























 (2.13)  
  
 Since diffusion in polymers is known to be an “activated” process [27], estimates for 
ED are typically positive, and consequently, the diffusion coefficient often exhibits a 
positive correlation with increasing temperature. Estimates for the activation entropy of 
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diffusion from Equation 2.13 are useful in assessing the entropic contributions to “size 
selective” diffusion in materials with well defined pore structures [26]; however, such 
applications are rather limited for polymers due to the lack of permanent pores within the 
amorphous morphology of barrier materials [25]. 
 
2.1.3. Permeability 
 The permeability coefficient of a pure penetrant in a polymer (P) characterizes the 
steady-state flux (N) of the penetrant across a film of thickness l under a given partial 









 (2.14)  
 
 Although useful for engineering calculations, for fundamental understanding 
factorization of the constituent sorption (S) and diffusion (D) coefficients is necessary, 
viz.,  
 P DS  (2.15)  
  
 In Equation 2.15, P  represents the average permeability between upstream and 
downstream conditions at the film surface, and similarly, the diffusivity and sorption 
parameters represent the average values discussed previously in Equations 2.9 and 2.5, 
respectively. Derivation of Equation 2.15 can be achieved via substitution of Equation 
2.3, which is the Fickian expression for the flux (N), into the general expression for the 
27 
 
















 Equation 2.16 can be rearranged and integrated over both concentration and spatial 
variables to yield the expression provided in Equation 2.17, which is further simplified in 































 (2.18)  
 
 The transport parameters discussed thus far (i.e., permeability, diffusivity, and 
solubility) represent “pressure-averaged” constant values; however, it is common for all 
three parameters to vary with feed pressure [28, 29]. Such dependencies vs. pressure are 
provided and discussed later in Section 2.3.  
 Similar to diffusivity, permeability data measured at multiple temperatures can be 
analyzed using the Arrhenius representation in Equation 2.19, where P0 is the pre-
exponential factor, EP is the apparent activation energy of permeation, and R and T are 
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defined previously. Substitution of Equations 2.19, 2.12, and 2.6 into Equation 2.15 











P  (2.19)  
 
  P D SE E H  (2.20)  
 
 Values of the activation energy of permeation (EP) are typically positive for most 
penetrants; however, a large negative value for ΔHS (which can originate from a high 
critical temperature for the penetrant) can sometimes offset the positive value of ED, 
rendering a negative value for EP, and consequently, a permeability that decreases with 
increasing temperature [30]. 
 
2.2. Effect of Crystallinity 
 All transport data reported in this thesis correlate with the amorphous morphology; 
however, transport estimates for the semicrystalline morphology can be obtained if the 
amorphous volume fraction (ϕa) of the sample is known. Expressions for the solubility 
(S), diffusivity (D), and permeability (P) for semicrystalline samples are provided in 
Equations 2.21, 2.22, and 2.23, respectively, where the subscript “a” refers to the 
amorphous morphology and “sc” refers to the semicrystalline morphology [8, 23]. 
 
 SC a aS S  (2.21)  
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SC a aP P  (2.23)  
 
 Such expressions can provide a first approximation for the transport properties in 
semicrystalline samples; however, deviations from the idealized behavior represented by 
the two-phase model are known to exist for PET [31]. Moreover, transport studies 
involving the semicrystalline morphology are needed to validate the applicability of 
Equations 2.21 – 2.23 for PEF. 
 
2.3. Transport Modeling 
 As mentioned previously, transport in polymeric materials is defined by the product 
of sorption and diffusion factors. The transport parameters discussed thus far have 
referred to “pressure-averaged” values; however, large pressure (or concentration) 
dependencies can exist depending on the specific transport application. This section 
provides an overview of the relevant transport models useful for describing such 
dependencies, and consequently, provides the majority of information necessary for 
interpreting the data in the remainder of the thesis. 
 
2.3.1. Dual-Mode Model Framework 
 Description of penetrant transport in rubbery polymers (i.e., above the glass transition 
temperature) is simple, in that all transport parameters are pressure independent in the 
absence of swelling or plasticization [6]. Since both diffusivity and permeability are 
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constant at a fixed temperature in such materials, Equation 2.24 applies, where kD 
represents the Henry’s law sorption parameter which characterizes the penetrant uptake. 
 
  DP k D  (2.24)  
  
 In glassy polymers, however, the total sorbed penetrant concentration equals the sum 
of two populations that exist at local equilibrium with each other, as determined by the 
chemical potential that can be written in terms of the penetrant partial pressure. This local 
effective partial pressure, of course, varies from the upstream to the downstream face of 
the film. The dual-mode model accommodates the non-equilibrium nature of glassy 
polymers by visualizing a simple “dissolved” population (i.e., CD), and a more complex 
sorbed population reflecting the non-equilibrium nature of the glass (i.e., CH) [8, 32, 33]. 
Sorption in this latter mode is visualized as occurring in packing defects represented by a 
Langmuir isotherm with characteristic Langmuir capacity constant (CH’) and affinity 
parameter (b). On the other hand, sorption in the simple dissolved mode (i.e., Henry’s 
environment) is characterized by a Henry’s law parameter (kD) like that in a simple 
rubber with similar nature, but without non-equilibrium microvoids. The dual-mode 
model is therefore conveniently written in Equations 2.25 and 2.26: 
 
 
D HC C C   (2.25)  












 (2.26)  
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 Graphical representation of the dual-mode model is provided in Figure 2.2, which 




Figure 2.2. Graphical representation of the dual-mode model from Equation 2.26. 
 
 The low pressure limit of Equation 2.26, given by Equation 2.27, provides an 






S k . This coefficient reflects 
the low pressure contributions from both sorbed populations in the glass, and will be 
referenced often throughout the remainder of this thesis. 
 






























 The sorption parameters defined in Equations 2.26 and 2.27 are typically determined 
via pressure-decay sorption testing (discussed later in Section 3.3). Complementary 
estimates of the effective solubility parameter (k*) can be determined from transient 
permeation data (discussed later in Section 3.2.3) via Equation 2.28 [29], provided that 
the upstream driving pressure is sufficiently low. In Equation 2.28, P represents the 
steady-state penetrant permeability, θ represents the time-lag (discussed later in Section 
3.2.3), and l is the film thickness. Ideally, k* estimated from independent equilibrium 







 (2.28)  
 
 The dual-mode framework described thus far focuses solely on pure penetrant 
sorption. While not required in this work, extensions exist, which allow dual-mode 
analysis of sorption cases involving multiple components [34]. 
 
2.3.2. Diffusion Estimates from Permeation 
 Similar to Equation 2.28, which utilizes transient permeation data to estimate the 
effective solubility coefficient, an estimate for the diffusion coefficient can also be 
obtained from the time-lag (θ) via Equation 2.29 [23], where l is the film thickness. 





  (2.29)  
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 Graphical representation and determination of the permeation time-lag is described in 
detail later in Section 3.2.3. For internal consistency, another estimate of the infinite 
dilution diffusion coefficient can also be obtained via Equation 2.30, which combines 
transport measurements from both low pressure steady-state permeation and pressure-















 (2.30)  
 
 As with the k* estimates from Equations 2.27 and 2.28, the independently estimated 
values of the infinite dilution diffusion coefficient from Equations 2.29 and 2.30 should 
be the same at low feed pressures. 
  
2.3.3. Partial Immobilization Model Framework 
As mentioned previously, the non-equilibrium nature of glassy polymers can give rise 
to pressure-dependent transport parameters. Such dependencies are common, and can be 
explained within the framework of the partial immobilization model introduced by 
Petropoulos [33] and also discussed by Paul and Koros [35]. The basis of the partial 
immobilization model is that the gas population sorbed into the Langmuir mode is 
‘partially immobilized’ as opposed to the earlier assumption of total immobilization. As a 
result, the penetrant mobility in each sorption mode is assigned a diffusion coefficient D. 
The partial immobilization analog to Fick’s first law, using the model of Paul and Koros 
[35], is provided in Equation 2.31, with the expression for the effective diffusion 
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coefficient provided in Equation 2.32. The subscripts “D” and “H” refer to the dissolved 




































 (2.32)  
 
In Equations 2.31 and 2.32, K = CH’b/kD, F = DH/DD, α = b/kD. Further manipulation 
of the effective diffusivity and sorption parameters yields the permeability expression in 
Equation 2.33, assuming that the downstream pressure is effectively zero. Inspection of 
Equation 2.33 reveals that the permeability will be approximately independent of 
pressure if F≈0 (i.e., DH≈0) or if the values of K and b are small. The former case 
corresponds to the limit of “total immobilization,” where the penetrant is effectively 
“immobilized” in the Langmuir microvoids and only the dissolved mode contributes to 
transport. However, due to the assumption that equilibrium exists between the dissolved 












 (2.33)  
 
In addition to permeability, the partial immobilization model also allows for 
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concentration dependence regarding the diffusion coefficient. Combination of the partial 
immobilization model representation of the diffusion coefficient from Equation 2.32 with 




















 (2.34)  
 
 The dependence of D  from Equation 2.34 on F, which is a measure of penetrant 
mobility within the microvoids, is illustrated in Figure 2.3 using hypothetical, typical 
values for the dual-mode model parameters for CO2 in amorphous PEF at 35°C. 
 
 
Figure 2.3. Example dependence of D  calculated from Equation 2.31 on F, using hypothetical 
values for the dual-mode model parameters. 
 
Pressure (atm)
















kD = 1.2 ccSTP/ccPoly∙atm
b = 0.83 atm-1
CH’ = 1.9 ccSTP/ccPoly
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 As seen in Figure 2.3, pressure independent behavior for the diffusion coefficient is 
observed when F = 1, thereby indicating equivalent mobility for a penetrant sorbed in a 
microvoid vs. the dissolved mode, while a strong pressure dependence is observed when 
F ≈ 0, which indicates the limit of “total immobilization” within the microvoids.  
 The partial immobilization framework described thus far focuses solely on pure 
penetrant transport. Similar to the equations for dual-mode sorption, extensions exist 
which allow partial immobilization analysis of transport cases involving multiple 
components [39]. 
 
2.3.4. Flory Huggins Framework 
 In contrast to the typical dual-mode sorption isotherm shown in Figure 2.2 for ideal 
penetrant sorption in glassy polymers, high activity vapor sorption is often characterized 
by an upturn in sorption with respect to activity [16, 21, 40-42]. Such isotherms have 
been described using the modified dual-mode model proposed by Mauze and Stern [43] 
or more recently by the unified dual-mode model proposed by Guo and Barbari [44]. 
Satisfactory description of such data can also be provided by the Flory-Huggins 
representation developed for sorption in rubbery materials via Equation 2.35 [45]. In 
Equation 2.35, p is the penetrant pressure, p0 is the saturation vapor pressure, ϕ1 is the 
volume fraction of the penetrant, and χ is the “effective” Flory-Huggins interaction 
parameter. Calculation of ϕ1 can be achieved through Equation 2.36 [41], where V1 is the 
sorbed molar volume of the penetrant at the test temperature and C is the penetrant 
concentration. The molar volume denoted by V1 is generally similar to the van der Waal 
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 (2.36)  
 
 Use of Equation 2.35 in combination with a constant interaction parameter signifies 
the ideal case of random mixing between penetrant and polymer [15, 47, 48]. Sorption 
data for iso-propanol, ethanol, and methanol in PET are well described via this simplified 
methodology [21, 40]. More complicated sorption cases, however, require a 
concentration dependant expression for χ and can suggest deviations from random 
mixing. Equation 2.37 represents a simple, empirical model for capturing the 
concentration dependence of χ, where χ0, χ1, and χ2 are constants associated with the 
model fit [49, 50]. 
 
    
2
0 1 1 2 11 1           (2.37)  
 
 Applications of Equations 2.35 – 2.37 to water sorption isotherms at 35°C for 
amorphous PET and PEF are discussed later in Chapter 8 [11]. 
 
2.3.5. Zimm-Lundberg Clustering Analysis 
 The onset of clustering can be qualitatively determined using the analysis proposed 
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by Zimm and Lundberg [51], which interprets the shape of the equilibrium sorption 
isotherm in terms of a so-called cluster integral (G11). Equation 2.38 reflects their 
methodology, where a1 is the activity of the penetrant (i.e. p/p0), ϕ1 is the volume fraction 














    
 
 (2.38)  
 
 The quantity 1 11 1 G V  represents the number of penetrant molecules in a cluster in 
excess of single, isolated penetrant molecules. Consequently, this parameter can be non-
zero at high activity and approximately zero at low activities, where clustering is less 
common. Both clustering and uniform swelling phenomena exhibit an upturn in solubility 
at high activities. Equation 2.38 can be used to detect a departure from ideality and the 
onset of plasticization or clustering as indicated by values of 1 11 1 G V  greater than zero. 
To detect whether simple swelling or more complex clustering is occurring, one must 
determine the concentration (or activity) dependence of the diffusion coefficient. If 
plasticization occurs, an increase in diffusion coefficient accompanies the upturn in 
sorption. If clustering occurs, the diffusion coefficient decreases, despite such an upturn 
in sorption. Application of Equation 2.38 to water sorption data for PET and PEF is 





2.3.6. Free Volume and Antiplasticization vs. Plasticization 
 The notion of “free volume” is often used to rationalize penetrant transport behavior 
in polymeric materials. The specific free volume ( ˆFV ) of a glassy polymer can be defined 
as the difference between specific volume (i.e., ˆgV , which is the inverse of density) and 
the specific occupied volume ( 0V̂ ) via Equation 2.39, while a definition for the fractional 
free volume (FFV), which is a simple extension of the specific free volume, is provided 

















 (2.40)  
 
 The occupied volume represents the specific volume of the polymer at 0 Kelvin, and 
can be estimated using the group contribution methods of Sugden [52], Bondi [53], van 
Krevelen [54], or Park and Paul [55]. Occupied volume calculations for PET, PEF, and 
caffeine using the method of Sugden are provided later in Chapters 4 [56] and 5 [57]. A 
graphical representation of the free volume is provided in Figure 2.4, where the “excess 
free volume” is defined as the “extra” volume that exists in the form of non-equilibrium 
“microvoids” in the glassy state compared to the equilibrium rubbery state. The excess 
free volume correlates directly with penetrant sorption in the Langmuir mode of the dual-





Figure 2.4. Graphical representation of free volume (VF) and the general specific volume versus 
temperature behavior for a typical polymer. 
 
 Multiple authors have related various macroscopic properties of a polymer to free 
volume [58-60]; however, the free volume framework proposed by Fujita [60] in 
Equation 2.41 is perhaps the most straightforward for penetrant diffusivity, where BD and 












 (2.41)  
 




















“Excess” f ree volume
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theory, diffusive “jumps” within a polymer are thought to occur via a continual 
redistribution of free volume due to random thermal/density fluctuations [61]. Since the 
free volume of a polymer can depend on temperature, penetrant size and shape, and 
penetrant concentration, it is therefore convenient to express diffusion in terms of free 
volume, since undoubtedly the diffusivity of a penetrant depends on the same underlying 
factors.  
 The relationship between diffusivity and free volume in Equation 2.41 can be 
substituted into the previous expression for permeability in Equation 2.15 (i.e., P = D∙S), 
and along with the assumption that penetrant solubility exhibits a weak dependence on 
free volume, produces the correlation in Equation 2.42 between permeability and free 
volume [62]. In Equation 2.42, BP and AP are penetrant-specific empirical parameters and 












 (2.42)  
 
 It is now convenient to introduce the topic of plasticization and antiplasticization in 
polymer/diluent mixtures, which both involve changes in free volume. In the most 
simplistic description, plasticization results when a polymer/diluent mixture exhibits an 
increase in free volume for the mixture compared to the neat polymer, while 
antiplasticization results when a polymer/diluent exhibits a decrease in free volume for 
the mixture compared to the neat polymer. Reductions in free volume vs. the neat 
polymer, as seen for antiplasticization, have been linked to reductions in chain mobility, 
penetrant transport, and elongation at break [63-68], while the opposite behavior has been 
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observed for plasticization [69-71]. It is also believed that the phenomenon of 
antiplasticization is concentration dependent, meaning that a polymer/diluent mixture can 
exhibit both antiplasticization and plasticization type behavior depending on the diluent 
concentration. Such a notion is depicted graphically in Figure 2.5 via the hypothetical 
plot of permeability and diffusivity vs. diluent content, where a working definition for 
antiplasticization useful in the current work entails any diluent content that produces a 
reduced permeability or diffusivity compared to the neat polymer. 
 
 
Figure 2.5. Graphical representation of antiplasticization in a hypothetical polymer/diluent 
mixture. 
 
 The reduction in free volume for an antiplasticized polymer/diluent mixture can be 
described using modified versions of Equations 2.39 and 2.40, which are defined for pure 
polymers. Corresponding relationships for a polymer/diluent mixture are provided in 





























ˆ ˆ ˆ(1 )m d pV wV w V    (2.44)  
 
 Equation 2.44 represents ideal additivity of the occupied volume of the diluent and 
polymer, where the values of 0V̂  for the pure components can be calculated using 
Sugden’s method [52], as described previously. The fractional free volume of the 
polymer-diluent mixture (FFVm) is obtained by dividing Equation 2.43 by the specific 
volume of the glassy mixture. Application of Equations 2.43 and 2.44 for caffeine 
antiplasticized PET is provided later in Chapter 4 [56]. 
 Aside from plasticization of a polymer/diluent mixture, plasticization can also occur 
due to “swelling” of the polymer chains resulting from penetrant sorption at high 
concentration [72-77]. Detailed discussion regarding plasticization-type phenomena is 
provided later in Chapter 8 [11]. 
 
2.4. Diffusion Coefficient Modeling—Kinetic Sorption 
 Penetrant uptake data, when measured via pressure-decay sorption or gravimetric 
sorption methods (discussed later in Section 3.3 and 3.4, respectively), can be normalized 
such that the non-dimensional mass gained by the polymer during diffusion varies from 
zero to one. Such data, which is represented via Mt/M∞ (i.e., mass of penetrant uptake at 
time t divided by the equilibrium mass uptake after equilibrium), can be modeled using 
an infinite series solution to the time-dependent diffusion equation in Equation 2.45, 
44 
 









 (2.45)  
  
 Equation 2.45 represents the partial differential equation for time-dependent, uniaxial 
diffusion in an infinite sheet, where D  is the average diffusion coefficient over the 
uptake interval, as discussed previously. This section will discuss various solutions of 
Equation 2.45 corresponding to the multiple diffusion cases encountered in this work, 
while a MATLAB
®
 methodology useful for applying such solutions to experimental 
kinetic sorption data is provided in Chapter 11 [78]. 
 
2.4.1. Fickian Kinetics—Constant Initial and Boundary Conditions 
 The most straightforward solution to Equation 2.45 involves implementation of the 
constant initial and boundary conditions (i.e., IC and BC, respectively) provided in 
Equation 2.46, where l is the film thickness. The infinite series solution obtained under 
such conditions is represented via Equation 2.47 [3] in terms of the non-dimensional 
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 Equation 2.47 is valid for ideal penetrant diffusion cases which do not involve the 
superposition of non-Fickian relaxations (discussed later in Section 2.4.4). Application of 
Equation 2.47 is demonstrated for the case of oxygen diffusion in amorphous PEF in 
Chapter 6 [9]. 
 
2.4.2. Fickian Kinetics—Flux Boundary Condition 
 Implementation of a constant boundary condition at the film surface is not strictly 
valid for penetrant uptake data measured via pressure-decay techniques (discussed later 
in Section 3.3), due to the necessary decay in pressure at the film surface during sorption. 
As will be discussed in Chapter 6 [9], this effect is negligible for oxygen uptake in PEF 
due to the small decay in pressure (i.e., ~2%) observed during sorption, therefore 
rendering the assumption of a constant boundary condition valid in that application. 
Carbon dioxide, however, is notably more sorptive in PEF compared to oxygen, and 
thereby results in a much larger change in pressure at the film boundary compared to 
oxygen and renders the aforementioned constant boundary condition assumption less 
valid. Accommodation of this reality can be obtained through implementation of the flux 
boundary condition in Equation 2.48, which specifies that the rate of carbon dioxide 
“loss” in the cell headspace outside the film ( C t ) is proportional to the rate of carbon 
dioxide flux into the film at the film surface ( D C x   ) [3], where l is the film half-
thickness, VR is the volume of the sample cell reservoir in the pressure-decay apparatus 
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 Solutions of the transient diffusion equation (i.e., Equation 2.45) with respect to the 
conditions specified in Equation 2.48 are provided via the infinite series solution in 
Equation 2.49 [3], where l is the film half-thickness, qn is defined via the non-zero 
positive roots of Equation 2.50, and α is related to the final fractional uptake of the film 
in Equation 2.51 (i.e., the number of moles of carbon dioxide in the film at the end of 
diffusion divided by the total number of moles in the sample cell at the start of the 















   






 (2.49)  
 














 (2.51)  
 
 The solution specified in Equation 2.49 reduces to the simple Fickian solution (i.e., 
Equation 2.47) in the limit of α → ∞. Such conditions are realized in the case of oxygen 
sorption in PEF [9], where the fractional uptake of oxygen is small compared to the total 
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amount of oxygen in the cell headspace. Application of Equation 2.49 is demonstrated for 
the case of carbon dioxide diffusion in amorphous PEF in Chapter 7 [10]. 
 
2.4.3. Fickian Kinetics—Time-Dependent Boundary Condition 
 In contrast to oxygen and carbon dioxide uptake in polymers, which can be studied 
using pressure-decay sorption, water is more condensable and the resultant uptake can be 
studied using gravimetric techniques (cf. Section 3.4). In regards to water uptake 
measured using a vapor laden carrier gas and an automated instrument control scheme, 
anomalous diffusion behavior can occur due to the presence of a time dependent 
boundary condition due to relaxations or other complex phenomena at the film surface. 
Such boundary and initial conditions can be described by Equation 2.52 [3, 79, 80], 
where l is the film thickness and τS is the time constant which characterizes the time 
required to reach equilibrium saturation at the film surface. In the current work, this time 
dependence represents an instrumental parameter related to how fast the automated 
control scheme of the vapor analyzer can implement a step-change in concentration 
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 Solution of the transient diffusion equation (i.e., Equation 2.45) with respect to the 
conditions specified in Equation 2.52 is provided via the infinite series solution in 
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Equation 2.53 [79, 80]. Detailed explanation regarding the experimental conditions which 
justify the usage of Equation 2.53 in the current work is discussed later in Section 3.4.2 
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 (2.53)  
 
 A useful feature regarding Equation 2.53 is that the original Fickian solution 
(Equation 2.47) is recovered when τS = 0, thereby signifying an “instantaneous approach” 
in surface concentration to the final equilibrium value (i.e., the instrumental control 
scheme “guesses” the correct wet/dry flow rates on the first guess during the step-change 
in concentration, discussed further in Section 3.4.2). To reiterate, the parameter τS in the 
current work represents an instrumental time constant and does not represent a 
fundamental property of the polymer. Additional applications of Equation 2.53 and 
variations thereof can be found in multiple articles in the literature [80-83].  
 
2.4.4. Non-Fickian Kinetics—Berens-Hopfenberg Framework 
 The discussion thus far has focused on simple penetrant diffusion in the absence of 
long-term non-Fickian relaxations. Such relaxations are known to occur in a wide variety 
of penetrant and polymer systems [84-86], and can indicate the occurrence of 
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morphological changes in the polymer. Informative discussions regarding the physical 
origins of non-Fickian relaxations can be found in the works by Sanopoulou et al. [87, 
88] and Crank [3]. Non-Fickian relaxations can be modeled using the formalism 
proposed by Berens and Hopfenberg [42], shown in Equations 2.54 and 2.55, which 
states that both Fickian diffusion and first-order relaxation processes can be idealized as 
occurring independently and can be combined using simple linear superposition. In 
Equation 2.54, Mt represents the total mass uptake from both mechanisms at time t, Mt,F 
is the mass uptake from the Fickian mode, and Mt,R is the mass uptake from the first-
order relaxation mode. 
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 (2.55)  
 
 In Equation 2.55, ϕF represents the weighting factor which specifies the relative 
contribution of each uptake mode, τR is the time constant for the non-Fickian relaxations, 
and the subscripts “BH” and “F” represent the infinite series solutions obtained using the 
Berens-Hopfenberg (BH) and Fickian (Equation 2.47) formalisms, respectively. 
Additional models exist in the literature for describing diffusion/relaxation phenomenon 
[89-91], but none are as simple and straightforward to implement as the BH model. 
Moreover, the BH framework specified in Equation 2.55 is versatile in that the infinite 
series solution from the simple Fickian case (Equation 2.47) can be replaced with the 
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more complex solutions provided previously in Equations 2.49 and 2.53, which result 
from the implementation of non-constant boundary conditions. The final representation is 
therefore capable of modeling diffusion cases involving the superposition of non-Fickian 
relaxations and non-constant boundary conditions, depending on the specific application. 
Implementation of the Berens-Hopfenberg framework in combination with Equation 2.53 
is discussed later in Chapter 9 [17], and implementation of the Berens-Hopfenberg 
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 Two industrially important polyesters, poly(ethylene terephthalate) (PET) and 
poly(ethylene furanoate) (PEF), are studied in the current work. This chapter provides 
specific details regarding polymer processing (i.e., PET/caffeine compounding, 
amorphous film preparation, etc.), transport characterization (i.e., permeation, pressure-
decay sorption, and gravimetric vapor sorption testing), and material property 




3.1.1. PET, PEF, and Caffeine 
 Caffeine, poly(ethylene terephthalate) (PET), and poly(ethylene furanoate) (PEF) 
materials were all provided by the Coca-Cola Company. The PET exhibits an intrinsic 
viscosity of 0.84 dL/g measured at 30°C using 60/40 phenol/1,1,2,2-tetrachloroethane, 
which correlates with a Mw of approximately 61,000 g/mol and a Mn of approximately 
39,000 g/mol as estimated via the Mark-Houwink relationship [1]. Regarding PEF, both 
Mw and Mn values were measured by Polymer Standards Service (Germany) using multi-
angle laser light scattering (MALLS) and refractive index (RI) methods calibrated with 
known poly(methyl methacrylate) (PMMA) standards. A combined eluent of 
hexafluoroisopropanol and 0.05 M potassium trifluoroacetate and a polymer 
concentration of ~2.5 mg/mL was used for all injections. Since the change in refractive 
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index versus concentration (dn/dc) is unknown for PEF, an RI-factor calculated from a 
PMMA standard was obtained and used to calculate dn/dc values for PEF. Furthermore, 
the Mw and Mn values measured by these methodologies are PMMA equivalent molecular 
weights and are not absolute. Table 3.1 lists relevant structural information for caffeine 
and both polyesters, while Table 3.2 lists molecular weight information for PEF. An 
uncertainty of ~5% is estimated for Mw values calculated via both methods, while ~5% 
and ~15% uncertainties are estimated for Mn values calculated via RI and MALLS 
methods, respectively. 
 














Table 3.2. PMMA equivalent molecular weight values for PEF measured by Polymer Standards 
Service using multi-angle laser light scattering (MALLS) and refractive index (RI) methods. 
Method Mw (g/mol) Mn (g/mol) 
MALLS 87,000 66,000 
RI 110,000 47,000 
 
 
 As a note, all PET and PEF samples characterized throughout the remainder of the 
thesis were taken from the same respective “master” batch of polymer, thereby allowing 
for consistent and meaningful comparisons to be made regarding the data reported herein. 
 
3.1.2. PET/Caffeine Melt-Mixing 
 As mentioned previously, a main goal of this work is to investigate the effect of 
antiplasticization as it relates to the PET/caffeine system. A Brabender batch mixer 
(Intelli-Torque Plasti-Corder®, 3 piece mixer) was used to mix PET batches with variable 
caffeine loading. Roller-type blades were used to provide homogeneous mixing in the 
melt via high shear, and the final recovered PET/caffeine batches weighed ~35 g each. 
All batches were prepared at 265°C with a head speed of 60 rpm with the following 
nominal caffeine loadings: 0, 3, 5, 10, 15, and 20 wt%. Prior to melt-compounding, the 
polymer was dried at 120ºC under vacuum for at least 12 hours, and the caffeine was 
dried at 95ºC and 0% RH (via dry nitrogen purge) for 110 minutes to minimize polyester 
degradation due to hydrolysis. Once dried, the PET was introduced into the preheated, 
rotating mixing head over a period of ~1.5 minutes, followed by the addition of caffeine 
over the next thirty seconds. After all materials had been added to the mixing head, the 
batch was allowed to mix with the head closed for a total time of 11 minutes before 
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opening the head and allowing the sample to collect on aluminum foil and air cool. The 
mixing period of 11 minutes was found to give uniform differential scanning calorimetry 
thermograms for multiple samples from the same batch. Great care was taken to ensure 
that the mixing head was clean before processing the next PET/caffeine batch. The 
cleaning procedure began by mixing a batch of glass-filled styrenic resin (NewEX 
Asaclean) in the PET-contaminated mixing head for 10 minutes at 265ºC, followed by 
cooling the mixing head to 170ºC before mixing a batch of 20 wt% CaCO3—80 wt% 
polyethylene/polypropylene (PE/PP) copolymer for 20 minutes. After processing the first 
polyolefin batch at 170ºC, three subsequent batches of 100% PE/PP were each mixed for 
20 min at 170ºC before finally re-heating the head to 265ºC and proceeding with the next 
PET/caffeine batch. 
 
3.1.3. Film Preparation 
 Amorphous polyester films were prepared via a melt press procedure similar to that 
developed by Lee et al. [2]. When preparing pure polymer films, the as-received 
polymers were cryogenically ground into powder and dried at 120°C under vacuum for 
24 hours prior to melt pressing to remove residual water. A similar drying step was 
followed for all PET/caffeine samples; however, an additional cryogenic grinding step 
was needed prior to drying to reduce the size of the batch taken from the Brabender into 
smaller pieces to facilitate further processing. Films were pressed under vacuum between 
two non-stick metal sheets (Faberware
®
) in a Wabash press at 30 tons and 270°C for 30 
seconds before immediately quenching in a bath of room temperature water. Special care 
was taken to evenly spread the polymer powder over the entire pressing surface prior to 
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pressing to minimize possible melt-orientation effects. The film thickness was controlled 
by the thickness of stacked aluminum shim layers (hard-temper aluminum foil, McMaster 
Carr, three mils thick), which had two 9 cm circles cut out for where the dried polymer 
was placed before pressing. The quenched films were dried at 35°C under vacuum 
overnight before storing in plastic sample bags at room temperature. All films were 
amorphous as determined by differential scanning calorimetry and x-ray diffraction 
(discussed later in Sections 3.5.1 and 3.7.3, respectively). Additional description of the 
melt-press process, including a schematic representation, is provided in the work of Lee 
[3]. 
 
3.1.4. Gases and Vapors 
 Research grade oxygen and carbon dioxide (>99.999%) were provided by Airgas 
(Radnor, PA), and were used as-received. De-ionized water, which was obtained “in-
house,” was used for all water sorption testing experiments. As discussed previously, the 
aforementioned species represent the most important penetrants for barrier property 
testing in beverage packaging applications. 
 
3.2. Gas Permeation Testing 
3.2.1. Isochoric Permeation Apparatus 
 All permeation data reported herein were measured using a similar constant-volume 
variable-pressure system utilized in prior work [2, 4]. A schematic representation of a 
typical pure gas permeation system is provided in Figure 3.1, where the upstream and 
downstream sections (with respect to the permeation sample cell) are represented by the 
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red and blue lines, respectively. Permeation systems which allow for multicomponent 
feeds are slightly more complex, and descriptions of such systems can be found in prior 
work [3, 5]. 
 
                       
Figure 3.1. Representation of the constant-volume, variable-pressure pure-gas permeation system 
used in the current work. The red and blue lines represent the upstream and downstream, 
respectively, and pressure transducers are represented by a lowercase p. “TC” stands for 
thermocouple. 
 
 All permeation measurements reported herein were measured at constant temperature, 
which was maintained inside the insulated permeation box by a temperature controller 
(Thermoworks, Alpine, UT) attached to a thermocouple and heat tape. Temperature 
uniformity throughout the box was achieved via incorporation of a fan, and the box was 
kept closed during testing. Swagelok
®











construct the system, and VCR fittings, which utilized nickel or stainless steel gaskets, 
were used to construct the downstream portion of the system to minimize the leakage of 
atmospheric gas into the downstream. The upstream pressure transducer, which is a 
Model Z transducer with a 1000 psia maximum pressure rating (Sensotec, Columbus, 
OH), was shunt-calibrated at each temperature to ensure accuracy of the pressure reading 
prior to testing. The downstream pressure transducer, which is a Baratron
®
 121AA 
capacitance manometer, had a much lower pressure rating of 10 torr in order to detect the 
small change in downstream pressure resulting from the permeating gas. Vacuum 
conditions were maintained on the downstream, prior to testing, using a rotary vacuum 
pump (RV3, Edwards, Wilmington, MA). Permeability calculations were performed 
using the method discussed later in Section 3.2.3, which employs characteristic properties 
of the system illustrated in Figure 3.1 (i.e., temperature, upstream pressure, etc.). 
 
3.2.2. Permeation Cell Design and Film Masking 
 A schematic representation of the permeation cell, which was designed specifically 
herein for barrier testing, is provided in Figure 3.2 (top view) and Figure 3.3 (side view). 
The design illustrated in Figures 3.2 and 3.3 provides multiple improvements to that 
reported previously for barrier material testing [4]. Specifically, clamping the finished 
cell into a vice is facilitated by the two flat faces cut into the cell as shown by the top 
view in Figure 3.2. Furthermore, the cell was machined from a sheet of highly polished 
stainless steel, which improves adhesion between the surface and aluminum tape and 
















































































































































































































































































































































































































































































































 A schematic of the polymer film masking technique is provided in Figure 3.4. The 
polyester films (“d” in Figure 3.4) were masked onto the permeation cell using aluminum 
tape (Intertape ALF200L, “e” in Figure 3.4) and the polymer/tape interface sealed using 
Duralco 4525 epoxy (Cotronics, “f” in Figure 3.4) via a similar procedure reported by 
Moore et al. [6]. The letter “a” in Figure 3.4 represents a porous, sintered stainless steel 
disc, while “b” is perforated metal frit and “c” represents at least two pieces of 
Whatman
TM
 filter paper. The O-rings which make the seal between the top and bottom 
cell halves are indicated by letter “g” in Figure 3.4. Thickness values for the polymer 
films were measured using a digital micrometer (Mitutoyo Series 293), and the 
permeation area of each film was determined via computer imaging software analysis 
(ImageJ) of the scanned films. Additional details regarding the experimental permeation 
apparatus are also available in prior work [3, 5]. 
 
 










3.2.3. Permeation-Specific Calculations 












 (3.1)  
   
 A typical isochoric permeation test first requires degassing the polymer film for a set 
amount of time (i.e., greater than 10 time-lags), before applying a non-zero pressure on 
the upstream face of the film and tracking the downstream pressure as a function of time. 
The downstream pressure will remain constant until the penetrant diffuses through the 
entire film and “breaks through” the downstream face, after which the downstream 
pressure will begin to increase versus time. Such transient behavior in downstream 
pressure is characterized by the time-lag, θ, which was discussed previously in Chapter 2. 
Graphical representation of the time-lag is illustrated in Figure 3.5, along with the 
corresponding relationship between θ and diffusivity (cf. Equation 2.29, discussed 
previously), and a graphical representation of the steady-state penetrant flux (N). Recall 
that the time-lag can also be used to estimate the penetrant solubility in the polymer via 






Figure 3.5. Graphical representation of the time-lag (θ) from a transient permeation test.  
 
 As discussed in Chapter 2, the permeability is related to the steady-state flux across 
the film via Equation 2.14. A more detailed expression for the permeability, as it pertains 
to determination via the isochoric methodology described previously, is provided in 
Equation 3.2. 
 
    






 (3.2)  
 
 In Equation 3.2, P is the penetrant permeability, dpdown/dt is the steady-state change in 
downstream pressure versus time, Vdown is the downstream volume of the permeation 
apparatus, R is the universal gas constant, T is the temperature of the polymer film in 
Kelvin, l is the polymer film thickness, A is the film area, and pup is the upstream 
pressure. 
































 For cases involving permeation testing at multiple temperatures, permeation 
measurements were recorded starting at the lowest temperature using fully degassed films 
after thorough degassing for >24 hours (which was >10 time-lags for all cases).  After 
final exposure to the highest pressure at a given temperature, the samples were again 
thoroughly degassed before proceeding to the next temperature. Time-lags were recorded 
at 1 atm pressure for each temperature, and steady-state permeation values were 
calculated using the slope of pressure vs. time data (dp/dt) between approximately 5 – 10 
time-lags for each permeation run [7]. The time-lags recorded at 1 atm were used in 
further transport analysis and parameter cross-verification. In all cases, replicate 
measurements were recorded for both time-lag and steady-state permeation values, and 
uncertainty limits estimated from the standard error. 
 Special care was taken to measure the downstream leak rate prior to recording 
permeation data due to the high barrier nature of both PET and PEF materials, and leak 
corrections were applied to all respective measurements. Any isochoric permeation 
system which utilizes a downstream vacuum is subject to a non-zero leak of atmospheric 
gases into the system. This leak rate, while negligible when compared to the permeation 
rate for non-barrier polymers, must be considered when testing barrier polymers such as 
PET and PEF. The atmospheric leak rate was measured on each fully degassed film prior 
to permeation testing by isolating the downstream from vacuum and recording the 
pressure vs. time response over a duration of ~1 hr. The leak rate was then determined 
from the slope in data as shown in Figure 3.6. After leak testing, the downstream was 





Figure 3.6. Example downstream leak rate data at 30°C for oxygen in PEF. 
 
Application of the measured leak rate correction to actual permeation data was 
straightforward. The atmospheric leak contribution to the downstream pressure during 
each permeation test was calculated by multiplying the predetermined leak rate with the 
elapsed measurement time. Simple subtraction of the small leaked pressure contribution 
from the total downstream pressure for each measurement thereby allowed determination 
of the downstream pressure response resulting solely from permeation. These corrections 
were largest for oxygen at 1 atm, and became subsequently smaller with increasing feed 
pressure. Figure 3.7 shows example permeation data at 30°C and 1 atm oxygen for PEF, 
both before (black data) and after (blue data) application of the leak rate correction 
illustrated in Figure 3.6. Permeation time-lags were also slightly affected as a result of the 
leak rate correction. The permeation results reported herein for both PET and PEF were 
found to exhibit excellent reproducibility only after application of the leak correction 
methodology outlined in this section. Furthermore, the difference between corrected and 
un-corrected data illustrated in Figure 3.7 will become increasingly smaller as the 
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Leak rate = 3.22×10-7 torr/s 
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upstream pressure is increased beyond 1 atm oxygen (i.e., the permeation rate will 
increase while the leak rate will remain unchanged). 
 
 
Figure 3.7. Example permeation data for oxygen at 1 atm in PEF at 30°C. The black data 
represents permeation data without the leak correction, while the blue data represents permeation 
data with the leak correction [8]. The magnitude of the leak correction decreases as the feed 
pressure increases. 
 
3.3. Pressure-Decay Sorption 
3.3.1. Isochoric Sorption Apparatus 
 As mentioned previously in Chapter 2, both equilibrium and kinetic sorption 
isotherms for oxygen and carbon dioxide uptake in polyester barrier materials can be 
measured using a constant-volume, pressure-decay technique. A graphical representation 
of the system used herein, which resembles that described elsewhere [9, 10], is provided 
in Figure 3.8. 
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Figure 3.8. Representation of the constant-volume, pressure-decay apparatus used in the current 
work. 
 
 Due to the low solubility of oxygen in both PET and PEF, special precautions were 
needed to obtain accurate sorption measurements. High accuracy 500 psia transducers 
(Honeywell STJE) were used in conjunction with a custom-built high capacity sample 
cell designed to decrease the void volume to sample volume ratio. A constant testing 
temperature was obtained by immersing the sorption apparatus in an oil bath (Duratherm 
S) controlled using a bath heater/circulator (PolyScience). Temperature and pressure 
dependent compressibility factors (z) were used to correct for the relatively small gas 
phase non-ideality of oxygen and carbon dioxide at the testing conditions, and were 
calculated using the NIST extended corresponding states equation via the NIST 
SUPERTRAPP program (cf. Appendix K). Pressure-decay sorption measurements were 
typically recorded in 1 atm intervals from 0 – 10 atm for oxygen and 0 – 6 atm for carbon 
dioxide at 35°C first, followed by degassing the sample and repeating the measurements 
at the next higher temperature. Use of accurate density values for both polyesters is 










 Calibration of the reservoir and sample volumes was performed using a series of mole 
balances (i.e., pressure expansions), which were performed using both an empty sample 
volume and a sample volume filled with precision ball bearings of known dimension. 
Once calibrated, the sorption uptake of carbon dioxide in polydimethylsiloxane (PDMS), 
which is well characterized in the literature, was measured and compared against 
literature values to verify the accuracy of the sorption apparatus.  
 
3.3.2. Pressure-Decay Sorption Data Transform 
 As briefly mentioned in Section 2.4, the raw pressure-decay data can be transformed 
to represent a non-dimensional mass uptake which varies from zero to one (i.e., Mt/M∞, 
which represents the mass of penetrant uptake at time t divided by the equilibrium mass 
uptake after equilibrium). Such a transform, as it relates to pressure-decay data, is 
provided in Equation 3.3, where p represents the pressure in the sample cell, and final and 














 (3.3)  
   
 Example raw pressure-decay data for oxygen in amorphous PEF at 35°C during 
sorption between the pressure interval 0 to 1.1 atm oxygen is provided in Figure 3.9, 
while the corresponding data, after transformation via Equation 3.3, is provided in Figure 
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3.10. A model fit of the Fickian diffusion model (cf. Equation 2.47) to the transformed 
data in Figure 3.10 is illustrated later in Chapter 6 [8]. 
 
Figure 3.9. Example pressure-decay data for oxygen in amorphous PEF at 35°C from the 
pressure interval 0 to 1.1 atm oxygen [8]. 
 
 
Figure 3.10. Transformed pressure-decay data, which varies from zero to one, from Figure 3.9 
after application of Equation 3.3. 
 
 Estimation of the penetrant solubility from pressure-decay sorption involves a simple 
penetrant mole balance. Example sorption calculations are not provided in this chapter; 
Time (sec)


































however, such information can be found in the work of Koros and Paul [9]. 
 
3.4. Gravimetric Vapor Sorption 
 Water is more condensable than oxygen and carbon dioxide, and consequently, 
exhibits a much larger uptake in both polyesters that can be studied via gravimetric 
methods. This section outlines the three independent water sorption techniques that are 
employed in the current work, and concludes with a description of the data transform 
required to normalize the water uptake data prior to diffusion coefficient modeling. 
 
3.4.1. Quartz Spring Sorption 
 Water vapor uptake at relatively low activities (i.e., <0.7) can be measured accurately 
with the manual McBain quartz spring technique [11], which is described in detail in 
prior work [5, 12-14]. The quartz spring technique functions by hanging a polymer film 
on a sensitive spring made of quartz glass, and the vertical position of the polymer is 
monitored by a cathetometer during the process of penetrant sorption. Since the spring 
constant is known via prior calibration, any vertical change in position of the film can be 
converted directly, via Hooke’s law, to the corresponding mass of water uptake by the 
polymer. The quartz spring apparatus operates at a fixed temperature under vacuum 
conditions, where the temperature of the chamber is controlled by a water jacket. Vapor 
condensation on the inner apparatus walls can be problematic at high penetrant activity, 
and as a result, the quartz spring system is best suited to testing at low and intermediate 
activities. A schematic of the quartz spring technique utilized in the current work is 
provided in Figure 3.11 (taken from ref. [5]), and data corresponding to water uptake in 
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amorphous PET and PEF are provided in Chapters 8 and 9 [15, 16]. 
 
 
Figure 3.11. Schematic of the McBain quartz spring apparatus used in the current work, from ref. 
[5]. 
 
3.4.2. Automated Vapor Sorption 
 In contrast to the quartz spring technique, which is manually operated, the TA VTI-
SA+ vapor sorption analyzer (TA Instruments, New Castle, DE) provides an additional 
gravimetric sorption technique that allows for fully automated control between 0 – 0.95 
activity. The accuracy and calibration of the instrument was verified by performing 
routine water vapor sorption experiments on sodium chloride and polyvinylpyrrolidone 
according to the methodology established by the instrument vendor. This system provides 
a humidified nitrogen stream by mixing a separate wet and dry stream, which are 
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controlled by two individual mass flow controllers. The resulting humidified stream 
flows through a dew point analyzer, which continuously measures the water content in 
the stream and provides feedback to the instrument to allow for automated control. After 
exiting the dew point analyzer, the humid stream passes over a quartz basket containing 
the polymer sample, which is attached to a sensitive microgram balance (accuracy ± 
0.1%). Once the mass uptake for a given activity has reached equilibrium, the system 
automatically proceeds to the next programmed activity step. Equilibrium is realized 
when the mass uptake over a specified time interval falls below a threshold limit, e.g. 
0.0015% mass change in 99 minutes. Multiple equilibration intervals were needed at high 
activity for sorption testing involving both PET and PEF due to the protracted gradual 
increase in water uptake resulting from non-Fickian relaxations. Film samples with an 
approximate thickness of ~160 microns were initially dried in the instrument at 45°C 
until constant mass was achieved, prior to commencing sorption. Interval sorption 
measurements were recorded using water activities ranging from 0 – 0.9 in increments of 
0.1, along with a final value of 0.95. Both sorption and desorption interval measurements 
were recorded over the entire activity range, followed by a second set of interval sorption 
and desorption measurements recorded at 0.3, 0.6, and 0.95 activity. The presence of 
long-term non-Fickian relaxations prevented attainment of true equilibrium mass uptake 
between the sorption values of 0.7 – 0.95. However, as will be shown and discussed later 
in Chapters 8 and 9  [15, 16], the overall implications of this reality appear to be 
negligible. 
 As previously discussed in Section 2.4.3, the automated system produces anomalous 
sorption behavior that, for modeling purposes, can be accommodated by implementation 
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of a time-dependent boundary condition. The anomalous kinetics result primarily from a 
lag introduced by the process control scheme employed by the instrument. Recall that the 
VTI instrument produces a desired water concentration by mixing a dry nitrogen stream 
with a completely humidified stream and selectively controlling the respective flow rates 
using two separate mass flow controllers. After uptake equilibrium is achieved at the 
current water activity, the instrument automatically adjusts the flow rates of the wet and 
dry streams to produce the next desired activity. The automated control scheme obtains 
feedback from the measured water content determined by a dew point analyzer. Upon any 
activity change (sorption or desorption), the instrument will initially adjust the wet/dry 
flow rates to obtain a first guess for obtaining the new set-point activity. With the new 
flow rates held constant, the instrument then averages multiple activity readings over a 
discrete period of time (~1 min). If the averaged activity is different from the set-point 
after this period, the instrument implements a small change to the wet/dry flow rates, and 
the process is repeated until the perfect set-point activity is achieved. While the system 
typically achieves the desired set-point after only a few minutes, this variability is enough 
to produce anomalous sorption kinetics. Further description and justification for the usage 
of the time-dependent boundary condition implemented in Section 2.4.3 is provided later 
in Chapter 9 [16]. 
 Water sorption data measured by the automated VTI instrument for amorphous PET 
and PEF are provided in Chapters 8 and 9 [15, 16], and are shown to be consistent with 




3.4.3. Liquid Water Sorption 
 Both the automated VTI sorption system and the manual quartz spring system are 
unable to measure water sorption data at complete saturation (i.e., unit activity) due to 
water condensation. To circumvent this problem, measurements at unit activity were 
made by submerging thick, amorphous PET and PEF samples in de-ionized liquid water 
at 35°C and periodically removing the samples and recording their masses on a sensitive 
microgram balance (Mettler Toledo XP6). The samples were sufficiently thick (i.e., ~500 
microns for PEF, ~890 microns for PET) so that desorption during the weighing step was 
negligible. Mass measurements were recorded until constant uptake was achieved, and 
the corresponding values represent the integral sorption step between zero and unit 
activity. Four replicate samples were tested for both polyesters to allow calculation of 
uncertainty limits via the standard error. Thickness values for the polymer films were 
measured on the initially dry samples and again after exposure to liquid water at 35°C for 
approximately four months to quantify the effect of swelling. This gravimetric sorption 
technique allows for completion of the sorption data set by covering the entire activity 
range from zero to unit activity. The water uptake measured via this technique allowed 
determination of the true equilibrium uptake at unit activity, and provides a consistency 
check for data obtained using the other two sorption techniques. 
 
3.4.4. Gravimetric Vapor Sorption Data Transform 
 Gravimetric water sorption data are typically reported in units of weight percent water 
(wt%, g H2O/g dry polymer) and, similar to the pressure–decay data transform in 
Equation 3.3, can be converted via Equation 3.4 to a non-dimensional form useful for 
81 
 













 (3.4)  
 
 In Equation 3.4, Mt represents the water uptake at time t, M∞ is the water uptake at 
equilibrium (i.e., infinite time), m is the sample mass measured by the balance, initial 
represents the beginning of the sorption interval, and final represents the end of the 
sorption interval. Similar to the transformed pressure-decay data, the Mt/M∞ parameter in 
Equation 3.4 therefore represents a normalized, non-dimensional quantity that varies 
from zero to unity. Equation 3.4 is valid for all three independent gravimetric sorption 
techniques discussed previously. 
 
3.5. Thermal Characterization 
3.5.1. Differential Scanning Calorimetry 
 Differential scanning calorimetry (DSC) is a useful characterization technique that is 
used to investigate the relevant thermal properties of the melt-pressed PET and PEF films 
described throughout the remainder of this work. A typical heat-flux DSC operates by 
comparing the heat flow in a sample pan (i.e., crimped aluminum pan which contains the 
polymer sample) to the corresponding heat flow in an empty aluminum reference pan 
while both are subjected to the same defined temperature ramp. Various descriptions of 
polymer thermal analysis as it relates to DSC testing can be found in multiple works in 
the literature [17-20]. 
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 A TA Q1000 DSC (TA Instruments, New Castle, DE) was used to measure all DSC 
data reported in the current work. Temperature ramps of either 10 or 20°C/min were used 
when heating and cooling between 0 and approximately 300°C, and a dry nitrogen purge 
in the sample cell was used in all tests. Instrument calibrations were performed using 
indium and sapphire standards, as per the methodology described by the instrument 
vendor. Application-specific DSC test methods for general thermal analysis are provided 
later in each corresponding chapter, along with a description for the method used to 
determine the glass transition temperature (Tg). The general thermal properties of a 
polymer which can be measured by DSC are illustrated in Figure 3.12 for PET.  
 
 
Figure 3.12. Example DSC trace for PET during heating and subsequent cooling at 10°C/min. 
The heat-cool cycle illustrates the four major thermal events as indicated by the following 
subscripts: g = glass transition, cc = cold crystallization, m = melting, and mc = melt 
crystallization [21]. 
 
 As mentioned previously, DSC can also be used to verify the amorphous morphology 
of all PET, PEF, and PET/caffeine films obtained using the melt-press procedure 
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described in Section 3.1.3. A representation of the crystalline weight fraction (Xc) of a 
polymer is provided in Equation 3.5 [18], where ΔHf is the enthalpy of fusion, ΔHc is the 
enthalpy of cold crystallization, and ΔHf
0
 is an estimate for the enthalpy of fusion for the 
material at 100% crystallinity. Values of Xc ≈ 0 were determined experimentally for all 
samples obtained using the melt-press procedure described previously, thereby 












 (3.5)  
 
 In addition to verifying the amorphous morphology and characterizing the thermal 
features illustrated in Figure 3.12, DSC can also be used to investigate the physical aging 
properties of glassy polymers. Enthalpic recovery measurements via DSC are convenient 
to perform, since aging and thermal cycling of the sample can be conducted accurately in 
situ within the DSC instrument. Detailed information regarding the DSC method used to 
characterize the aging properties of amorphous PEF is provided later in Chapter 10 [22]. 
 
3.5.2. Thermogravimetric Analysis 
 Thermogravimetric analysis (TGA) provides information regarding the weight loss of 
a polymer sample as a function of both time and temperature, and is useful for 
characterizing the melt-pressed PET/caffeine films discussed previously. Caffeine can 
show sublimation/vaporization at the melt processing temperature of PET [23], and as a 
result, the final caffeine content of the PET mixtures after processing can be reduced 
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slightly compared to the nominal content that was initially loaded into the mixing head. 
Furthermore, any subsequent drying or melting step (i.e., melt pressing) could result in 
small caffeine losses. Lee et al. [2] used thermogravimetric analysis to determine the final 
weight fraction of volatile additives (i.e., phenacetin and acetanilide) in their PET film 
samples, and a modified method was adopted for this work, where the primary difference 
concerns the assignment of water content in the samples. In the current method, a film 
sample was heated from room temperature to 110°C at a rate of 20°C/min, held 
isothermally at 110°C for 30 min, and subsequently heated to 270°C at a rate of 20°C/min 
before a final isothermal step lasting one hour. The weight percent water for a given 
sample is assigned to the weight loss during the initial holding time of 30 minutes at 
110⁰C, and the weight percent caffeine is assigned to the weight loss during a final 
isothermal step of one hour at 270⁰C. Interestingly, the 0 wt% caffeine films (i.e., pure 
PET) experienced ~0.28 ± 0.02 wt% loss during the isothermal step at 270ºC. This 
weight loss is attributed to the evolution of acetaldehyde and cyclic oligomers formed 
during melt-mixing [24], and was subtracted from all subsequent PET/caffeine film 
samples. A weight loss versus time and temperature profile for an example PET/caffeine 
film is provided in Figure 3.13, which is similar to that observed for PET/phenacetin and 
PET/acetanilide reported elsewhere (cf. Figure 1 in ref. [2]). All caffeine composition 
data were measured on a TA Q5000 TGA instrument operated with a dry nitrogen purge, 
and the composition values reported throughout the remainder of this work represent the 
final actual caffeine content in the compounded polymer films. Data corresponding to 





Figure 3.13. Example TGA trace for a PET/caffeine film, illustrating the method for determining 
the actual caffeine content. 
 
 In addition to caffeine content determination, thermogravimetric analysis can also 
provide information regarding the decomposition temperature of a polymer. For the case 
of PEF compared to PET, amorphous films were heated at 10°C/min from room 
temperature to 800°C under 20 mL/min nitrogen purge using a Perkin Elmer Pyris 1 
TGA. Decomposition temperatures (Td) were recorded at the temperature corresponding 
to 10% weight loss on the decomposition curves for pure PET and PEF, which are 
illustrated later in Chapter 5 [25]. 
 
3.6. Mechanical Characterization 
3.6.1. Dynamic Mechanical Analysis 
 Dynamic mechanical analysis (DMA), as employed in the current work, involves 
characterization of the polymeric storage modulus (E’), loss modulus (E”), and tan δ (i.e., 
E”/E’) as a function of temperature and frequency via application of an oscillatory strain 
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on a rectangular strip in tensile geometry mode. DMA is useful for gaining a more 
molecular level understanding of the fundamental chain motional processes which 
contribute to penetrant diffusion in both PET and PEF, as will be discussed in further 
detail in Chapters 4 [21] and 5 [25]. More information regarding mechanical 
characterization of polymers via DMA can be found in multiple works in the literature 
[26-30]. A typical plot of storage and loss modulus at 1 Hz as a function of temperature 
for amorphous PET is provided in Figure 3.14, thereby illustrating the relative location of 
the alpha and beta relaxations. 
 
 
Figure 3.14. Example DMA trace for amorphous PET at 1 Hz. 
 
 
 All dynamic mechanical data reported herein were recorded on a TA Q800 DMA in 
tensile geometry mode using a simultaneous frequency sweep and temperature ramp. The 
discrete frequencies ranged from 1, 2, 5, 10, and 20 Hz, while the furnace heated at 
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1.5°C/min from –120°C to 0°C and 0.5°C/min from 0°C to 150°C. Glass transition 
temperature (Tg) measurements were recorded using the maximum in tan δ peak. All 
DMA test strips were dried overnight at 35°C under vacuum to remove residual water, as 
water can decrease the activation energy of the low-temperature beta relaxation in PET 
[28]. Furthermore, essentially non-oriented films were used for DMA measurements, as 
orientation can affect the characteristics of the beta relaxation for both polyesters. 
 The activation energy (EA, kJ/mol) of the both the alpha and beta relaxation can be 
calculated by applying the Arrhenius relationship in Equation 3.6 to data corresponding 
to the shift in β peak temperature (T, Kelvin) as a function of the dynamic test frequency 











A  (3.6)  
 
 Further information regarding the energetics of the β relaxation can be obtained via 
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 (3.7)  
 
 In Equation 3.7, ΔS is the activation entropy of the β relaxation, k and h represent 
Boltzmann’s and Planck’s constants, respectively, and T, f, R, and EA are the same 
respective parameters employed in Equation 3.6. The activation entropy, in the context of 
Starkweather, provides an estimate of the cooperativity between moieties and 
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neighboring polymer chains involved in the respective relaxation [31-33]. Detailed 
characterization of PET/caffeine and PEF within such framework is provided later in 
Chapters 4 [21] and 5 [25], respectively. 
 
3.6.2. Tensile Testing 
 DMA testing, while useful, is not designed to measure the Young’s modulus of a 
glassy polymer due to the relatively low maximum tensile force that the instrument can 
exert (i.e., approximately 18 N for the TA Q800). Calculation of the Young’s modulus 
from tensile testing involves the initial slope of the stress vs. strain curve (cf. ASTM 
D638); however, such data are difficult to measure using the Q800 DMA due to the 
limited force range. Such data are better measured using a dedicated tensile testing 
instrument, such as the Instron 5566, which was utilized with a 10,000 N load cell in the 
current wok. Young’s modulus data, which were measured using a crosshead speed of 10 
mm/min, for both wet and dry PET and PEF are provided and discussed later in Appendix 
G. 
 
3.7. Supplementary Characterization Techniques 
3.7.1. Density Measurement 
 The densities of all film samples (i.e., PET, PET/caffeine, and PEF) were measured at 
23°C using a density gradient column (Techne
TM
, NJ) containing water and calcium 
nitrate. The density values were recorded after twenty minutes from introduction of the 
samples into the column to limit the effect of water uptake on sample density. Such 
methodology was valid, since multiple films with significantly different thickness values 
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tested for PEF produced the same density measurement, thereby confirming the 
negligible effect of water uptake. Density estimates for amorphous PET and all 
PET/caffeine samples are provided later in Chapter 4 [21], while the density for 
amorphous PEF compared to PET is provided in Chapter 5 [25]. 
 Although not utilized in this work, the density of a semicrystalline sample can be 
used to estimate the corresponding crystalline weight fraction (Xc), provided that the 
density of the completely amorphous (ρa) and crystalline (ρc) materials are known. Such 
methodology is provided in Equation 3.8 [5], where ρ is the experimentally measured 
density of the sample with unknown crystallinity, and ρa and ρc are tabulated in the 
literature. 
 








X  (3.8)  
 
3.7.2. Infrared Spectroscopy 
 Fourier transform infrared (FTIR) spectroscopy operated in attenuated total 
reflectance (ATR) mode was used to characterize the functional groups in both 
amorphous PET and PEF. Amorphous polyester films were tested on a Bruker Hyperion 
1000 microscope between 4000 – 600 cm
-1
 at  1 cm
-1
 intervals using an average of 128 
scans. A blank scan was used to correct for atmospheric noise and all measured values 
were converted into absorbance units. Functional group motions are assigned and 
compared to other literature reports. Example FTIR scans for PET compared to 
PET/caffeine are provided in Chapter 4 [21], while scans for PET compared to PEF are 
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provided in Chapter 5 [25]. 
 
3.7.3. X-Ray Diffraction 
 The amorphous morphology of both PET and PEF films prepared using the melt-
press procedure described previously was verified using X-ray diffraction (XRD). Scans 
were recorded on a PANalytical XRD instrument between 5 to 55° using a Cu Kα source. 
Such technique also allowed characterization of semicrystalline PEF, and revealed that 
the crystal peaks reported herein exhibit agreement with those found in literature. XRD 




C Solid-State NMR 
 Two separate solid-state NMR techniques were used to investigate the fundamental 
chain mobility differences between amorphous PET and PEF. A Bruker AV3-400 
spectrometer was used in conjunction with magic-angle spinning (MAS) and proton 
decoupling to measure variable contact-time solid state NMR data. Rf-frequencies of 100 




H, respectively. All cross-polarization (CP) 
variable contact-time measurements were performed at 35°C using a radio frequency 
field of 50 kHz and contact-times varying from 0.01 – 10 ms using a total of 512 scans 
for each data point. A recycle delay of 4 s was used. These experiments worked best 
under conditions of slow MAS spinning speeds. A spinning speed of 4.5 kHz was chosen, 
where no overlap between spinning-sidebands and peaks corresponding to isotropic 
chemical shifts were observed. Amorphous, non-oriented polymer films were 
cryogenically ground prior to loading into the ZrO2 Bruker 4 mm MAS rotor, which were 
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then sealed using Kel-F caps. 
 Centerband-Only Detection of Exchange (CODEX) measurements were performed at 
room temperature using a small z-filter time (tz) of 100 µs to improve the signal-to-noise 
ratio. Spectra were measured using a spinning speed of 10 kHz and recycle delay of 4 s at 
a mixing time (tm) of 1 s.  The CODEX experiment requires a reference spectrum, which 
was measured using identical conditions as for the CODEX experiment, however the 
time delays tm and tz were switched. A total of more than 20,000 scans was used for both 
the CODEX and the reference experiment to obtain data with a sufficient signal-to-noise 
ratio. The functioning of the experiment was verified by conducting the identical 
experiment on dimethyl sulfone (DMS), where large angle jump-type motions could be 
readily detected using only a few scans. Solid-state NMR data pertaining to both 
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 This chapter investigates the phenomenon of caffeine antiplasticization of amorphous 
poly(ethylene terephthalate) (PET). Oxygen and carbon dioxide permeation 
measurements at 35°C reveal significant barrier improvement for all PET/caffeine 
samples studied, and penetrant solubility and diffusivity estimates are used to 
deconvolute the relative transport contributions to the overall barrier reduction 
determined via permeation testing. The data reported herein suggest that antiplasticization 
of PET occurs via a combination of both “hole filling” and chain mobility restriction 
mechanisms, and that the relative mechanistic contributions to transport reduction depend 
largely on the penetrant solubility and diffusivity within the polymer matrix.  
 
4.1. Introduction 
 Poly(ethylene terephthalate) (PET), despite being the most widely used polymer in 
the beverage packaging industry, exhibits inadequate barrier performance for challenging 
oxygen and carbon dioxide applications [1]. While various complicated methods of PET 
barrier improvement exist (i.e., multi-layered polymers, polymer blends, coatings, etc.), 
the most economical method would involve minimal modifications to the current 
processing platform [2]. As will be demonstrated, the incorporation of low molecular 
weight diluents into the PET matrix via antiplasticization can provide such barrier 
                                                 
1
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enhancements while requiring minimal processing equipment modification. 
 Antiplasticization occurs when a polymer/diluent mixture exhibits an overall 
reduction in chain mobility, penetrant transport, and free volume compared to the 
respective pure glassy polymer [3-5]. Multiple authors in the literature support the notion 
that antiplasticization occurs primarily via a simple “hole filling” mechanism, where the 
additive reduces the free volume of the mixture by filling a portion of the excess free 
volume inherent to the non-equilibrium glass [6-11]. Evidence from the PET/caffeine 
system reported herein supports this hypothesis; however, additional interrelated factors 
such as chain mobility are also shown to contribute to the antiplasticization phenomena. 
 Caffeine, which is the chosen antiplasticizer for this study, is generally regarded as 
“safe” for human consumption, and consequently, avoids toxicity issues associated with 
previously considered antiplasticizers for both PET [11-13] and other polymers [9, 10, 
14]. This factor is particularly important for applications involving direct food/beverage 
contact, to address concerns regarding additive migration into the container contents. 
Besides safety advantages, caffeine is highly soluble in the PET matrix, and as will be 
shown, produces significant barrier improvements for oxygen and carbon dioxide when 
mixed with PET. 
 This chapter investigates caffeine antiplasticization of amorphous PET using detailed 
oxygen and carbon dioxide transport studies (i.e., permeation, sorption, and diffusion), 
density and free volume characterization, and thermal/mechanical techniques. 
PET/caffeine samples are studied with caffeine concentrations ranging from 0 to ~15 
wt%. In support of prior work, the results reported herein provide evidence that 
antiplasticization occurs, in part, via the overall reduction in free volume (i.e., “hole 
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filling”) for the PET/caffeine samples compared to neat PET. Further evidence correlates 
the diffusion reductions for the antiplasticized samples to chain mobility as probed by 
dynamic mechanical investigation of the sub-ambient beta relaxation, where caffeine is 
observed to hinder polymer phenyl ring-flipping motions in glassy PET. This chapter 
provides a “base case” investigation regarding caffeine antiplasticization of the 
amorphous morphology for PET as a starting point for future studies involving both 
crystallinity and orientation. 
 
4.2. Experimental Methods 
4.2.1. Materials, PET/Caffeine Mixing, and Film Preparation 
 The caffeine and poly(ethylene terephthalate) (PET) used herein are the same 
materials described previously in Section 3.1.1. All PET/caffeine batches were mixed 
according to the procedure outlined in Section 3.1.2, and amorphous films were pressed 
via the method in Section 3.1.3. Due to the volatile nature of caffeine at the melt 
processing temperature of PET [15], the final caffeine content of each PET/caffeine film 
differed from the nominal loading. Such behavior required determination of the actual, 
final caffeine content in the films via the TGA procedure described in Section 3.5.2. The 
final caffeine content in the films was also affected by the film thickness. For example, 
permeation films pressed from the PET/caffeine batch with 20 wt% nominal caffeine 
content had a final caffeine content of ~10.7 wt% as measured via TGA, while DMA 
films, which were approximately 3X thicker than the permeation films (i.e., 150 μm vs. 
50 μm), exhibited a final caffeine content of ~15.0 wt%. All composition values reported 
throughout the remainder of this chapter represent the final actual caffeine content in the 
98 
 
compounded polymer films. The FTIR spectra for films of virgin PET and PET mixed 
with ~15 wt% caffeine are provided in Appendix A. 
 
4.2.2. Transport Characterization 
 Pure gas permeation data for oxygen and carbon dioxide were measured at 35°C 
using the variable-pressure, constant-volume permeation method described in Section 
3.2. Similarly, all pure gas solubility data were measured at 35°C using the standard 
pressure-decay method described in Section 3.3. The permeation and sorption data 
reported herein for all PET/caffeine samples reflect characterization of the amorphous 
morphology. The absence of crystallinity was verified, as stated in Chapter 3, by X-Ray 
and differential scanning analysis of the melt-pressed samples. 
 
4.2.3. Thermal, Mechanical, and Density Characterization 
 Differential scanning calorimetry (DSC) was used to investigate relevant thermal 
properties of the melt-pressed PET/caffeine films. Heat-cool-heat scans were recorded at 
a rate of 10°C/min between 0 and 280°C on a TA Q1000 DSC, and glass transition (Tg) 
temperatures were estimated on the first heat via the onset in heat flow versus 
temperature. The Tg values reported in this chapter correlate with the amorphous 
morphology.  
 Dynamic mechanical analysis (DMA) was used to investigate the effect of caffeine on 
the Tg and sub-ambient beta (β) relaxation of PET. Polymer strips were tested in tensile 
geometry mode on a TA Q800 DMA using a concurrent temperature ramp (1.5°C/min) 
and frequency sweep (1, 2, 5, 10, and 20 Hz). As described in Chapter 3, all test strips 
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were dried at 35°C for at least 12 hours under vacuum prior to testing to remove excess 
sorbed water. Glass transition temperature (Tg) measurements were recorded for the 
amorphous films at 1 Hz via the onset in storage modulus (E’).  
 Density values were measured for all PET/caffeine samples at 23C using the density 
gradient methodology described previously in Section 3.7.1. 
 
4.3. Results and Discussion 
4.3.1. Permeation 
 Permeation data measured at 35°C for oxygen and carbon dioxide in various 
PET/caffeine samples are reported in Figures 4.1 and 4.2, respectively. The reported data 
represent the average of multiple tests (2 to 3 samples, at least), with uncertainty limits 
originating from the standard error. Complementary data are plotted later in Appendix A 
as penetrant permeability at 1 atm vs. caffeine content. As expected, Figures 4.1 and 4.2 
show that all caffeine-containing samples exhibit a reduced permeability compared to the 
respective permeability for neat PET. Such barrier improvement can be quantified by the 
so-called Barrier Improvement Factor (BIFP) [11], which is defined as the pure gas 
permeability in pure, amorphous PET divided by the respective permeability in the 
caffeine containing samples. Table 4.1 lists values for the average BIFP (averaged over all 





Figure 4.1. Oxygen permeability at 35°C for various PET/caffeine samples. Dashed lines are 
drawn to aid the eye. Uncertainty bounds are smaller than the size of the specific data points in all 





Figure 4.2. Carbon dioxide permeability at 35°C for various PET/caffeine samples. Dashed lines 

































































Table 4.1. Oxygen and carbon dioxide Barrier Improvement Factors (BIFP) estimated from 
permeation at 35°C averaged over all pressures for various PET/caffeine samples. Uncertainty 
limits for all BIFP values are   ± 0.04.  
wt% Caffeine O2 BIFP CO2 BIFP 
0 1 1 
3.6 ± 0.2 1.5 1.5 
7.4 ± 0.2 1.9 2.1 
10.7 ± 0.1 3.2 3.5 
 
 
 BIFP values greater than unity in Table 4.1 indicate that barrier improvement (i.e., 
antiplasticization) is achieved for all caffeine-containing samples, with improvements 
>3X observed for both gases in PET blended with ~10.7 wt% caffeine. The BIFP values 
in Table 4.1 can be further separated into respective Barrier Improvement Factors specific 
to the penetrant solubility and diffusivity, and will be discussed in more detail in Section 
4.3.3 (cf. Table 4.4). It is also noted that the BIFP values for carbon dioxide are slightly 
larger than the respective values for oxygen in all caffeine concentrations tested. As will 
be shown, such differences exist due to the differences in relative contributions of 
solubility and diffusivity for each penetrant in the antiplasticized samples.   
 The oxygen permeability data in Figure 4.1 exhibit very little, if any, pressure 
dependence for all caffeine compositions, while the respective data for carbon dioxide in 
Figure 4.2 exhibit a slightly decreasing permeability trend with increasing pressure for all 
caffeine compositions. Such pressure dependencies can be examined within the context 
of the so-called partial immobilization model [16, 17], which considers the solubility of 
the penetrant in the polymer when modeling permeability data. Since oxygen exhibits a 
significantly reduced solubility in PET compared to carbon dioxide (discussed further in 
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Section 4.3.2), it is not surprising to observe pressure independence over the small 
pressure range illustrated in Figure 4.1. Similar pressure independent behavior for oxygen 
has been observed for permeation in glassy poly(ethylene furanoate) (PEF) [18].  
 Aside from the steady-state permeation data reported in Figures 4.1 and 4.2, analysis 
of the initial transient data prior to steady-state can provide an estimate of both the 
penetrant solubility and diffusivity. This procedure, while already described in Chapter 2, 
is provided again for convenience via Equations 4.1 and 4.2 [19, 20], where k* 
(ccSTP/ccPoly∙atm) is an “effective” solubility coefficient, θ (s) is the time-lag, P is the 
low pressure penetrant permeability, l (cm) is the film thickness, and D (cm
2
/s) is the 
diffusion coefficient. Recall that graphical determination of the time-lag (θ) has been 

















D  (4.2)  
 
 Carbon dioxide k* data for various PET/caffeine samples measured via permeation 
testing are provided in Appendix A, and diffusion coefficient data are provided in Section 
4.3.3 (cf. Table 4.3). 
 
4.3.2. Equilibrium Sorption 
 Recall from Chapter 2 that the so-called dual-mode model, reproduced in Equation 
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 (4.3)  
  
 While sorption in glassy polymers involves two idealized modes, relatively non-
condensable gases, which exhibit low solubility and minimal interaction with the polymer 
matrix, approach simple Henry’s law type sorption in the glassy state. This notion is 
described via Equation 4.4, where k* represents an effective Henry’s law solubility 
coefficient. Equation 4.4 also describes the low-pressure limit behavior of the dual-mode 
model in Equation 4.3, via k* = (kD + CH’b). The parameter k* measured via sorption 
testing from Equation 4.4 should be equivalent to k* measured via permeation testing 
from Equation 4.1, since both k* estimates effectively combine the sorption contributions 
from both the Henry’s law and Langmuir environments. Consequently, both k* estimates 
are typically larger in magnitude than the true Henry’s law coefficient (kD), which ideally 
probes only the dissolved mode [18, 21, 22]. 
 
    '*  D HC k p k C b p  (4.4)  
 
 Equilibrium sorption data measured at 35°C for oxygen in various PET/caffeine 
samples are reported in Figure 4.3, with analogous sorption data for carbon dioxide 
reported in Figure 4.4. The solid lines drawn through the data in Figure 4.3 (oxygen) 
represent linear model fits from Equation 4.4, while the lines drawn in Figure 4.4 (carbon 
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dioxide) represent fits from the dual-mode model in Equation 4.3. Corresponding model 




Figure 4.3. Oxygen sorption data at 35°C for various PET/caffeine samples. Lines represent the 





































Figure 4.4. Carbon dioxide sorption data at 35°C for various PET/caffeine samples. Lines 
represent the respective dual-mode model fits from Equation 4.3. 
 
 
Table 4.2. Sorption parameters at 35°C for oxygen and carbon dioxide uptake in various 
PET/caffeine samples. Standard errors were determined via the fitting program. 













k* = (kD + CH’b) 
(ccSTP/ccPoly·atm) 
0 0.090 ± 0.0007 0.93 ± 0.04 0.50 ± 0.2 1.6 ± 0.4 1.7 ± 0.3 
3.6 ± 0.2 0.079 ± 0.0005 0.92 ± 0.1 0.42 ± 0.5 1.5 ± 1 1.5 ± 0.9 
7.4 ± 0.2 0.074 ± 0.0004 0.89 ± 0.02 0.42 ± 0.1 1.4 ± 0.2 1.5 ± 0.2 




 As seen in Figure 4.3, all caffeine-containing samples exhibit reduced oxygen 
solubility compared to neat PET, and the oxygen sorption data for neat PET agree well 
with prior literature reports [18, 19, 23]. The linear sorption isotherms (i.e., Equation 4.4) 
in Figure 4.3 describe the oxygen sorption data well, despite the presence of the 
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Carbon dioxide, 35°C 
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Langmuir sorption mode in the glassy samples. In fact, the slight curvature in the sorption 
isotherm for neat PET, which originates from sorption in the Langmuir mode, is observed 
to decrease in prominence as caffeine is introduced into the matrix. This behavior is 
consistent with the notion that caffeine is filling a portion of the Langmuir environment 
(i.e., excess free volume), thereby reducing the contribution of oxygen sorption in the 
Langmuir environment and serving to “linearize” the isotherms.  
 Similar to oxygen, all caffeine-containing samples exhibit reduced carbon dioxide 
solubility compared to neat PET (cf. Figure 4.4), and the sorption data for neat PET agree 
well with prior literature reports [11, 23]. While oxygen exhibits low solubility and 
minimal interaction with the PET matrix, carbon dioxide is more condensable and 
exhibits higher solubility compared to oxygen. The dual-mode model parameters in Table 
4.2 indicate that kD, which correlates with sorption in the dissolved mode, is effectively 
unchanged by the addition of caffeine into the polymer matrix. On the other hand, the 
Langmuir parameters reflect a slight decrease in b and apparent decrease in CH’ for all 
caffeine containing samples compared to neat PET. The latter behavior is consistent with 
the notion that caffeine acts primarily to fill a portion of the excess free volume 
corresponding to the Langmuir environment. Complementary sorption data for carbon 
dioxide estimated via permeation testing (i.e., Equation 4.1) are provided in Appendix A, 
and a more complete discussion regarding the free volume reductions observed in the 
current work for all caffeine-containing samples is provided in Section 4.3.4. 
 As a final note, all PET/caffeine compositions investigated in this chapter reflect 
characteristics of antiplasticization. It is expected that the PET/caffeine system will 
transition to a plasticization-type behavior at a sufficiently high caffeine loading. This 
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transition point is postulated to occur after the excess free volume of the glassy material 
is ideally “filled,” thereby indicating that any additional caffeine added to the system 
must enrich the dissolved environment and serve to increase the inter-chain spacing 
between polymer chains (i.e., plasticization). While the transition point was not directly 
observed in the current study, it is expected to occur at a concentration slightly above the 
practical maximum concentration studied herein based on trends in the sorption data and 
mechanical data (cf. Section 4.3.6).  
 
4.3.3. Diffusion  
 As mentioned previously, diffusion coefficients can be determined from the time-lag 
approach via transient permeation (i.e., Equation 4.2), or through the relationship D = 
P/k* (i.e., diffusivity = permeability / solubility). Diffusion coefficients can also be 
obtained from pressure-decay data when the sample geometry is known [18, 24]; 
however, this approach was not pursued in the current work due to some variability in the 
sample film thickness values and the need for a large sorption sample size. It should be 
noted, however, that long-term non-Fickian relaxations were observed in all carbon 
dioxide pressure-decay sorption isotherms for all PET samples studied herein. Such 
plasticization/conditioning behavior is known to occur with carbon dioxide at high 
pressure [25-27]; however, detailed characterization of the non-Fickian diffusion 
behavior is outside the scope of the current work.  
 Low concentration diffusion coefficient data measured via the relationship D = P/k* 
for oxygen and carbon dioxide are plotted in Figure 4.5 (circles) and listed in Table 4.3, 
where P represents the steady-state permeability at 1 atm and k* is the effective solubility 
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coefficient taken from Table 4.2. Diffusivity estimates from the time-lag approach for 
carbon dioxide (i.e., Equation 4.2) are also plotted in Figure 4.5 (triangles) for 
comparison; however, corresponding diffusivity estimates for oxygen using this approach 
were impractical, due in part to uncertainties associated with the relatively small time-
lags. As a point of comparison, the oxygen and carbon dioxide diffusivities at 35°C for 
neat PET exhibit satisfactory agreement with prior literature reports [20, 23]. Estimates 
for the activation entropies of oxygen and carbon dioxide diffusion in PET are provided 
later in Appendix F. 
 
 
Figure 4.5. Diffusivity data at 35°C for oxygen and carbon dioxide in various PET/caffeine 
samples measured via the relationship D = P/k* (circles) for both gases and the time-lag approach 
(D = l
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Table 4.3. Diffusion coefficient data at 35°C for oxygen and carbon dioxide in various 
PET/caffeine samples measured via the relationship D = P/k* for both gases and the time-lag 
approach (D = l
2
/6θ) for carbon dioxide, with an upstream permeation pressure of 1 atm. 
 
D 109 (cm2/s)  
(P/k*) 




wt% Caffeine Oxygen  Carbon dioxide  Carbon dioxide  
0 9.7 ± 0.1 2.2 ± 0.4 2.6 ± 0.02 
3.6 ± 0.2 7.6 ± 0.1 1.6 ± 1 1.9 ± 0.07 
7.4 ± 0.2 6.2 ± 0.2 1.2 ± 0.1 1.4 ± 0.001 




 From Figure 4.5, it is evident that the diffusivities of both oxygen and carbon dioxide 
decrease with increasing caffeine content. Such diffusivity reduction primarily implies a 
reduction in segmental chain mobility for the antiplasticized samples compared to neat 
PET, and this notion will be discussed in relation to free volume (Section 4.3.4) and 
fundamental chain motional processes (i.e., polymer phenyl ring-flipping) later in the 
document (Section 4.3.6).  
 As mentioned previously, the Barrier Improvement Factors (BIFP) for the 
antiplasticized samples measured via permeation testing can be separated into 
contributions from the diffusivity and solubility via the relationship P = Dk* (i.e., 
permeability = diffusivity   solubility). A separate Barrier Improvement Factor can be 
defined for each of the equation components such that BIFP = BIFD   BIFk*, where the 
BIF is again defined as the ratio of the property for pure PET divided by the same 
respective property for the antiplasticized sample [11]. Component Barrier Improvement 
Factors are provided for both oxygen and carbon dioxide transport in the various 
PET/caffeine samples in Table 4.5, where the BIFD values originate from the diffusion 
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coefficients measured via D = P/k* in Table 4.3 and the BIFk* values originate from the 
solubility coefficients (i.e., k* from Equation 4.4) in Table 4.2. As seen in Table 4.4, the 
BIFP estimates (i.e., BIFP = BIFD   BIFk*) obtained from multiplying the independent 
diffusion and sorption contributions are within 10% error of the actual BIFP values 
determined from experimental permeation testing (Table 4.1).  
 
Table 4.4. Oxygen and carbon dioxide Barrier Improvement Factors (BIFs) at 35°C for various 
PET/caffeine samples. BIFD values are calculated from D = P/k* in Table 4.3, BIFk* values are 
calculated from the k* sorption values from Table 4.2 (i.e., Equation 4.4), and the experimental 
BIFP values originate from Table 4.1. 









3.6 ± 0.2 1.3 1.1 1.4 1.5 -7 
7.4 ± 0.2 1.6 1.2 1.9 1.9 0 
10.7 ± 0.1 2.2 1.5 3.3 3.2 3 
 
CO2 
3.6 ± 0.2 1.4 1.1 1.5 1.5 0 
7.4 ± 0.2 1.9 1.2 2.3 2.1 10 




 Inspection of Table 4.4 reveals that the values of BIFD for both gases are larger than 
the respective values of BIFk*, implying that caffeine antiplasticization has a greater 
impact on reducing diffusion versus sorption. A more detailed discussion regarding 
sorption is provided in Section 4.3.2, while a discussion regarding diffusion is provided 





4.3.4. Antiplasticization and Free Volume 
 The permeability and diffusivity reductions observed in the PET/caffeine system can 
be examined in the context of free volume theory. Antiplasticized polymer-diluent 
systems often exhibit a negative deviation from pure component volume additivity via the 
diluent acting to partially fill the free volume between polymer chains [5, 9, 10]. Such 
negative departures are enhanced when a strong interaction exists between polymer and 
diluent [14], and quantitative models have been developed to predict the volumetric 
behavior of polymer-diluent mixtures based on pure component property data [7, 28]. Lee 
[29] empirically correlated permeability to free volume across a wide variety of polymers 
by assuming similar sorption contributions to the permeability (i.e., P = Dk*). This 
approximation is more accurate for carbon dioxide in the PET/caffeine samples as 
evidenced by the relative magnitudes of BIFD compared to BIFk* found in Table 4.4. 
Definitions of specific free volume ( ˆFV ), fractional free volume (FFV), and Lee’s 
permeability-free volume correlation [29], are provided in Chapter 2 for pure polymers 
and polymer/diluent mixtures.  
 Density data measured at 23°C for all PET/caffeine samples are plotted vs. caffeine 
content in Figure 4.6 and listed in Table 4.5 along with values of the specific volume, 
occupied volume, free volume, and fractional free volume. The dashed curve in Figure 
4.6 represents a quadratic regression to the density data, which allows interpolation of 
density values between the plotted data. The regression was particularly useful in 
estimating the density of the ~10.7 wt% caffeine films used in sorption testing, since 
pressure-decay sorption requires accurate sample density and thin films (e.g., ~50 μm) to 




Figure 4.6. Density data measured at 23°C for various amorphous PET/caffeine samples. The 
dashed line represents a simple quadratic regression of the plotted data.  
 
Table 4.5. Density and free volume calculations using Sugden’s method [30] for various 
PET/caffeine samples at 23°C. All quantities, with the exception of 0 wt% caffeine, represent 
values pertaining to the respective PET/caffeine mixture. 
wt% Caffeine ρ (g/cc)
a
 ˆgV  (cc/g)
b
 
0V̂  (cc/g) 
ˆ
FV  (cc/g) FFV (–) 
0 1.3346 0.749 0.652 0.098 0.130 
3.6 ± 0.2 1.3380 0.747 0.653 0.094 0.126 
7.4 ± 0.2 1.3418 0.745 0.655 0.091 0.122 
15.0 ± 0.9 1.3459 0.743 0.658 0.085 0.115 
a
 Uncertainty limits for ρ are   ± 6e-4 g/cc for all samples. 
b
 Uncertainty limits for ˆgV  are   ± 4e-4 cc/g for all samples. 
 
 
 Consistent with the notion of antiplasticization, the free volume and fractional free 
volume values in Table 4.5 decrease noticeably with increasing caffeine content. Such 
data are consistent with the transport results for both oxygen and carbon dioxide observed 
in Sections 4.3.1, 4.3.2, and 4.3.3, and provide a basis for understanding the observed 
barrier improvement. In fact, the permeability reductions observed in Figures 4.1 and 4.2 
can be rationalized in part by the permeability/free volume correlation proposed by Lee 
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[29] in Equation 4.7. Additional details regarding the application of such correlations can 
be found in various literature reports [6, 9, 10, 29, 31]. 
 As a final note, the concept of solubility parameters has been used by several 
researchers to correlate and predict antiplasticizer/polymer compatibility [11, 14, 32, 33]. 
This concept was not employed in this work, as the structural complexity of caffeine 
precluded accurate assignment of the group contributions required by the method of Hoy, 
Hoftyzer, and van Krevelen [34]. 
 
4.3.5. Differential Scanning Calorimetry 
 Differential scanning calorimetry (DSC) was used to investigate the effect of caffeine 
on the relevant thermal properties of the PET/caffeine samples. For illustration purposes, 
the DSC thermograms corresponding to pure PET and PET mixed with ~15.0 wt% 
caffeine are shown in Figure 4.7 as the solid and dashed lines, respectively, during the 
first complete heat/cool cycle. Recall that both samples are initially amorphous prior to 
the first heat, and therefore exhibit large cold crystallization peaks (Tcc) while heating 





Figure 4.7. DSC thermogram for PET (solid line) and PET mixed with 15.0 ± 0.9 wt% caffeine 
(dashed line) during heating and subsequent cooling. The heat-cool cycles illustrate the four 
major thermal events as indicated by the following subscripts: g = glass transition, cc = cold 
crystallization, m = melting, and mc = melt crystallization. 
 
 
 As observed in Figure 4.7, all major thermal transitions for the caffeine containing 
sample are shifted to lower temperatures compared to the respective transitions for neat 
PET. Reduction of the glass transition temperature for the antiplasticized polymer is 
counterintuitive to the notion of increased chain rigidity at room temperature; however, 
this behavior can be physically rationalized. As mentioned previously in Sections 4.3.2 
and 4.3.4, caffeine reduces the free volume of the glassy mixture by filling a portion of 
the idealized Langmuir “microvoids.” It is known that the excess free volume of a glassy 
polymer decreases as temperature is increased to the glass transition temperature, with 
the excess free volume (Langmuir environment) disappearing completely at the glass 
transition temperature [21, 27]. Any caffeine which exists in the Langmuir environment 
will be liberated to enrich (or “plasticize”) the dissolved mode as the temperature is 
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increased towards the Tg [11]. The latter effect produces the reduction in Tg for the 
mixture compared to the neat polymer.  
 In addition to the ~15.0 wt% caffeine sample illustrated in Figure 4.7, all caffeine 
containing samples studied herein exhibited reduced Tg’s compared to neat PET. The Tg 
of a polymer/diluent mixture often exists at some temperature between the Tg’s of both 
respective pure components. For the PET/caffeine system in the current work, the Tg of 
neat PET was measured to be ~69°C, while the Tg of caffeine has been reported at –17°C 
[35]. Polymer/diluent mixture Tg dependencies vs. diluent weight fraction can be 
described using various methods in the literature, where the empirical model of Fox [36] 







g m g g
w w
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 (4.5)  
 
 In Equation 4.5, components w1 and w2 represent the weight fractions of the diluent 
and polymer, and m stands for mixture. Experimental Tg data vs. caffeine content 
measured via DSC and DMA (i.e., from the onset in E’) in the current work are plotted in 
Figure 4.8, with the solid line in Figure 4.8 representing Equation 4.5. Inspection of 
Figure 4.8 reveals that Equation 4.5 provides a satisfactory description of the Tg data 






Figure 4.8. Glass transition temperature (Tg) data for amorphous PET/caffeine mixtures measured 
by DSC on the first heat (circles) and by DMA testing at 1 Hz (triangles). The solid line 
represents the Fox equation from Equation 4.5.  
 
 
4.3.6. Dynamic Mechanical Analysis 
 Dynamic mechanical data recorded via tan δ (i.e., E”/E’, or the ratio of loss modulus 
to storage modulus) as a function of temperature and frequency can provide useful 
information regarding the viscoelastic relaxations in PET. Specifically, characteristics of 
the sub-ambient beta (β) relaxation are of interest in the current work, as such properties 
have been previously correlated with a wide variety of macroscopic properties for PET 
[12, 13, 37, 38] and other polymers [5, 39]. The β peak for PET, which occurs at 
approximately –60°C, differs from the alpha relaxation (α, or Tg) in that only localized 
chain motions can exist at temperatures so far below Tg in the glassy state [5, 40, 41]. As 
discussed in Chapter 3, the activation energy (EA, kJ/mol) of the β relaxation can be 
calculated by applying the Arrhenius relationship in Equation 4.6 to data corresponding 
to the shift in β peak temperature (T, Kelvin) as a function of the dynamic test frequency 
(f, Hz), where A is a constant and R (8.314 J/mol∙K) is the gas constant.   
wt% Caffeine
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A  (4.6)  
 
 Further information regarding the energetics of the β relaxation can be obtained via 
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 In Equation 4.7, ΔS is the activation entropy of the β relaxation, k and h represent 
Boltzmann’s and Planck’s constants, respectively, and T, f, R, and EA are the same 
respective parameters employed in Equation 4.6. The activation entropy, in the context of 
Starkweather, provides an estimate of the cooperativity between moieties and 
neighboring polymer chains involved in the respective relaxation [42-44]. Viscoelastic 
relaxations which involve significant long-range motion, such as the glass transition, 
incur large values of ΔS, while values pertaining to the β relaxation are significantly 
smaller in magnitude [41, 42]. As will be shown, the beta peak energetic parameters 
pertaining to the various PET/caffeine samples in the current work are useful in assessing 
the impact of caffeine antiplasticization on the motional processes pertaining to penetrant 
diffusion. 
 Example tan δ data at 1 Hz over the temperature range of the β relaxation are plotted 
in Figure 4.9 for various PET/caffeine samples, where the data were smoothed over an 





Figure 4.9. Example tan δ data at 1 Hz plotted over the temperature range of the β relaxation for 
various PET/caffeine samples. Data were smoothed over an interval of 10°C prior to plotting.  
 
 
 From Figure 4.9, it is apparent that the overall magnitude of the β peak is continually 
suppressed with increasing caffeine content. Such peak suppression has been observed in 
other PET antiplasticization reports in the literature [11-13, 37], and also in cases 
involving copolymerizing PET with increasing quantities of mobility-restricting co-
monomers [12, 38, 45, 46]. Additional work has correlated a reduction in β peak intensity 
or area under the β peak curve to reduction in penetrant diffusivity [38, 47], and as seen 
in Figure 4.9 and Table 4.3, such correlation clearly exists in the current work.  
 The curves in Figure 4.9 also reveal that peak suppression occurs more significantly 
on the high temperature side of the curve, while the low temperature side is less 
suppressed with increasing caffeine content. Maxwell and coworkers [13, 37] observed 
similar trends in their work regarding PET antiplasticization, and used a combination of 
NMR, mechanical (DMA), and dielectric methods to correlate an ideal flipping motion of 
the phenyl rings to the high temperature side of the peak and motions of the carbonyl 
groups to the low temperature side of the peak. The results in Figure 4.9, when examined 
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Caffeine content (wt%): 
Virgin (0), 2.5, 3.6, 7.4, 12.7, 15.0 
β peak, 1 Hz 
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within this context, suggest that caffeine antiplasticization suppresses the phenyl ring-
flipping motion more significantly than the motions of the carbonyl groups. As will be 
shown, this notion is consistent with the implications from the energetic parameters 
measured for the various PET/caffeine mixtures. 
 A plot of the β peak EA values for the various PET/caffeine mixtures vs. caffeine 
content is provided in Figure 4.10, with the corresponding values also listed in Table 4.6 
along with the β peak max temperatures, ΔS values, and Tg values measured via DSC (cf. 
Section 4.3.5). The activation energy of ~72 kJ/mol for virgin PET listed in Table 4.6 
exhibits excellent agreement with multiple literature reports [11, 37, 41, 48], and as a 
control, is very similar to the value for pure PET which was melt-processed without 
caffeine in the Brabender (i.e., ~68 kJ/mol). The latter depression may be a small 
antiplasticization effect resulting from the presence of minor thermo-oxidative 
degradation byproducts inevitably formed during processing in the melt. However, as will 
be shown, this small effect on the resultant EA values for the PET/caffeine mixtures is 






Figure 4.10. Beta peak EA values for various PET/caffeine samples vs. caffeine content. The solid 
line is drawn to aid the eye, and the dashed line represents the beta peak EA measured for pure 
PET via dielectric analysis (
a
DEA) (i.e., 56 ± 10 kJ/mol from [37]). 
 











β peak temp at 







) – – -61 ± 1 72 ± 1 102 ± 3 
0 (Brabender
d
) 69 ± 0.3 71 ± 0.1 -66 ± 0.8 68 ± 0.5 94 ± 1 
2.5 ± 0.01 63 ± 0.5 67 ± 0.3 -70 ± 0.4 63 ± 0.4 77 ± 1 
3.6 ± 0.2 67 ± 0.4 64 ± 0.2 -73 ± 0.1 62 ± 0.2 77 ± 1 
7.4 ± 0.2 60 ± 0.1 61 ± 0.6 -73 ± 0.9 58 ± 0.6 58 ± 2 
12.7 ± 0.4 59 ± 0.3 57 ± 0.7 -72 ± 1 56 ± 1 45 ± 4 
15.0 ± 0.9 52 ± 0.1 57 ± 0.9 -74 ± 2 56 ± 0.7 47 ± 4 
a: Tg data measured via the onset on the first heat. 
b: Tg data measured at 1 Hz via the onset in storage modulus (E’). 
c: Virgin PET not brabender-processed. 




 As seen in Figure 4.10, the β peak EA values decrease with increasing caffeine 






































increased chain packing. For example, since the antiplasticized samples exhibit reduced 
free volume compared to neat PET (cf. Section 4.3.4), the antiplasticized chains 
experience less motional freedom in the glassy state and therefore require less energy to 
activate the small-scale localized motions associated with the β relaxation. Interestingly, 
the beta peak EA values in Figure 4.10 appear to plateau at a minimum value of ~56 
kJ/mol at a caffeine loading of ~15.0 wt%. The dashed line in Figure 4.10 corresponding 
to this minimum represents data measured by Maxwell et al. [37] using dielectric analysis 
(DEA), which probes the polar contributions (i.e., carbonyl motions) to the activation 
energy. The EA approach in Figure 4.10 to the minimum EA measured by DEA signifies 
that the motions of the phenyl rings are being continually suppressed by caffeine 
addition, and that the motions of the carbonyl moieties are ideally unaffected. Evidence to 
support this notion is provided by Choudhury et al. [49], who used solid-state NMR 
measurements to verify that phenyl ring-flipping motions in antiplasticized PET were 
suppressed compared to neat PET. 
 Similar to the β peak activation energies, the corresponding activation entropies in 
Table 4.6 also continually decrease with increasing caffeine content. This behavior, in the 
context of Starkweather [42-44], indicates that the localized pendant motions are 
becoming more “simple” and less cooperative in nature. The latter notion is consistent 
with the overall reduction in free volume for the caffeine antiplasticized samples 
compared to neat PET (cf. Sections 4.3.2 and 4.3.4), and is related to the suppression of 
the phenyl ring-flipping motions in the glassy state. 
 The mechanical measurements reported thus far provide a framework for unifying the 
entire discussion regarding caffeine antiplasticization of PET. For example, while 
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antiplasticization occurs in part via the overall reduction in free volume for the mixture 
compared to neat PET (cf. Section 4.3.4), the mechanical measurements indicate that the 
primary mechanism for improvement originates from suppression of the phenyl ring-
flipping motion. This concept is consistent with both the equilibrium sorption and 
diffusion results discussed in Sections 4.3.2 and 4.3.3, respectively, which indicate that 
the transport reductions measured via diffusion (and by default, chain mobility) are more 
dominant than the transport reductions measured via sorption (cf. Table 4.4). The 
conclusion that barrier improvement from caffeine antiplasticization of PET is related to 
the hindrance of the phenyl ring-flipping is therefore logical, and provides additional 
evidence to that already found in the literature [12, 13, 37, 49]. 
 One final note should be mentioned regarding the ring-flipping motions in PET. 
Similar to the terephthalate group in PET, caffeine assumes a planar three-dimensional 
structure. It is perhaps logical to hypothesize that a synergistic attraction exists between 
caffeine and the terephthalate group, such that a caffeine molecule may in fact interact 
with the terephthalate group in a way that hinders ring-flipping. This notion warrants 
additional investigation, and could serve as a platform for guiding design of next-
generation antiplasticizer molecules. 
 
4.4. Summary and Conclusions 
 Caffeine antiplasticization of amorphous poly(ethylene terephthalate) (PET) was 
investigated using complementary transport (i.e., O2 and CO2), density, thermal, and 
mechanical methods. While previous work has investigated the performance of other 
antiplasticizers for PET (i.e., phenacetin and acetanilide [11]), caffeine is attractive due to 
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its food-grade compatibility. 
 Oxygen and carbon dioxide permeation measurements at 35°C demonstrate that 
significant reductions in transport are possible for caffeine antiplasticized samples 
compared to neat PET. Specifically, PET mixed with ~10.7 wt% caffeine exhibits >3X 
barrier improvements for both penetrants. Equilibrium sorption measurements from 
pressure-decay sorption allow quantification of the reductions in penetrant solubility for 
all PET/caffeine mixtures vs. neat PET. These solubility reductions, when combined with 
the diffusivity reductions measured via transient permeation, provide a means to 
understand the fundamental sorption vs. diffusion contributions to the overall 
permeability reduction in caffeine antiplasticized PET. Such investigation revealed that 
diffusion is significantly more important than sorption in determining carbon dioxide 
transport in antiplasticized PET, and revealed a similar, although less pronounced, trend 
for oxygen transport.  
 Density measurements for all PET/caffeine samples exhibit densification and 
reduction in free volume for the mixtures compared to neat PET. This behavior is 
consistent with the improved transport properties for the antiplasticized samples, where 
known correlations exist which relate permeability to an exponential dependence on free 
volume [29, 31]. Furthermore, solubility coefficients measured via both permeation and 
equilibrium sorption methods corroborate the notion that caffeine fills a portion of the 
excess free volume (i.e., Langmuir “microvoids”) in the glassy matrix.  
 Reduction in the glass transition temperature (Tg) measured via differential scanning 
calorimetry was observed for all PET/caffeine mixtures compared to neat PET, despite 
antiplasticization behavior occurring in the glassy state at 35°C. The Tg dependence was 
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effectively described over the concentration range using the Fox equation, which utilized 
values of the pure component Tg’s. Not surprisingly, significant Tg reductions were 
observed for the PET/caffeine mixtures with high caffeine content due to the low Tg of 
pure caffeine (i.e., –17°C [35]).  
 Dynamic mechanical investigation of the sub-ambient beta (β) relaxation for the 
PET/caffeine mixtures provided insight into the effect of caffeine on the fundamental 
motional processes accessible in the glassy state. Testing at multiple frequencies allowed 
determination of both the activation energies and entropies associated with the β 
relaxation, and revealed that both parameters decrease with increasing caffeine content. 
The latter notion occurs via caffeine suppressing the phenyl ring-flipping motion in the 
PET/caffeine samples, and serves to explain the diffusion reductions compared to neat 
PET. The conclusion that the permeability reductions resulting from antiplasticization of 
PET originate from reductions in both solubility (i.e, “hole filling”) and diffusivity (i.e., 
hindered phenyl ring-flipping) is logical, since undoubtedly, the two mechanisms are 
interrelated. 
 While caffeine antiplasticization serves as a promising technique to improve the 
barrier properties of PET, both improvements and drawbacks inevitably exist. The 
volatility of caffeine during melt-processing is a factor that must be addressed, since 
antiplasticization is only ideally possible when the diluent exhibits homogeneous mixing 
with the polymer. Despite the attraction of the improved barrier properties, the Tg 
reduction for the PET/caffeine samples is a drawback due to the already low Tg for pure 
PET. The latter Tg reduction in the caffeine containing samples is further amplified when 
humidity is introduced, since water induces plasticization in PET [50, 51] and since water 
125 
 
exists in the end-use applications regarding beverage containers. It should be reiterated, 
however, that the current study only investigates the effect of caffeine antiplasticization 
regarding amorphous PET, and that the presence of both crystallinity and orientation will 
help mitigate the Tg reductions observed in the current work pertaining to the amorphous 
state.  
 The logical next step will be to investigate the effect of caffeine antiplasticization on 
both semicrystalline and biaxially oriented PET samples, since blow-molding introduces 
such features. Specifically, it will be of interest to understand the effect of caffeine on the 
three phase model of crystallinity in PET [52], and to investigate the synergy in transport 
reduction that can be realized via combination of both antiplasticization and 
crystallization phenomena. While it is necessary to study such complicated cases, the 
current work provides an important “base-case” investigation that undoubtedly must 
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CHAIN MOBILITY, THERMAL, AND MECHANICAL  






 This chapter investigates the fundamental chain mobility, thermal, and mechanical 
properties of poly(ethylene furanoate) (PEF), which is the furan-derived analog to 
poly(ethylene terephthalate) (PET), and relates performance enhancements vs. PET to 
underlying chain motional mechanisms. The improved barrier for PEF compared to PET 
is unexpected due to the higher free volume of PEF vs. PET. Segmental motions related 
to penetrant diffusion in both polyesters are studied using dynamic mechanical analysis, 
13
C-CP/MAS solid-state NMR variable contact-time experiments, and Centerband-Only 
Detection of Exchange (CODEX) measurements. Unlike the active phenyl ring-flipping 
mechanism in PET, furan ring-flipping is greatly suppressed, thereby reducing beta 
relaxation motions and diffusion in PEF due to the energy penalty associated with the 
non-linear axis of ring rotation and ring polarity.  
 
5.1. Introduction 
 Poly(ethylene terephthalate) (PET) has been the dominant polymer for beverage 
packaging for the past four decades due to its optical clarity, barrier properties, and 
competitive performance-to-cost ratio. While PET has met many of the current global 
packaging needs, high oxygen transmission rates coupled with the use of petroleum-
                                                 
1
Reproduced in part with permission from Burgess, S.K; Leisen, J.E.; Kraftschik, B.E.; Mubarak, C.R.; 
Kriegel, R.M.; Koros, W.J., Chain Mobility, Thermal, and Mechanical Properties of Poly(ethylene 
furanoate) Compared to Poly(ethylene terephthalate), Macromolecules, 47, 1383-1391, Copyright 2014 
American Chemical Society. 
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derived terephthalic acid (TA) limit effectiveness for oxygen-sensitive beverages [1] and 
environmental sustainability [2], respectively. Moreover, much research has been 
conducted to find bio-sourced alternatives to PET to reduce petroleum dependence and 
carbon dioxide emissions. Polyesters synthesized from 2,5-furandicarboxylic acid 
(FDCA) have received recent attention due to improved performance over PET coupled 
with the potential for fully renewable sourcing [2-7]. Poly(ethylene furanoate) (PEF), 
which is the direct furan analog to PET, is the primary focus of this chapter. 
 While FDCA is strikingly similar to TA, differences in ring size, polarity, and 
linearity result in significantly different performance metrics. TA exhibits an inter-atomic 
distance of 5.731 Å between carboxylic acid groups, while FDCA is notably shorter at 
4.830 Å [4]. Moreover, the linear para- phenyl connection in TA results in an angle of 
180° between carboxylic acid carbons while the non-linear structure of FDCA yields an 
angle of 129.4° [4]. Additionally, the non-linear character in FDCA combined with the 
permanent dipole frustrates the crystallization process, resulting in the slow isothermal 
crystallization rates observed by Knoop et al. [5].  
 Synthesis of PEF and fundamental property characterizations have been performed on 
a lab-scale by various researchers. Gandini et al. [3] synthesized PEF using an antimony 
catalyst in the transesterification step and subsequently characterized the results using 
differential scanning calorimetry (DSC), infrared spectroscopy (IR), and NMR methods. 
Gomes et al. [8] synthesized PEF and poly(3-propylene 2,5-furandicarboxylate) among 
others and characterized the products via IR and NMR methods. PEF analogs containing 
successively longer aliphatic segments were synthesized and characterized by Jiang et al. 
[9], while Gruter et al. [10] screened dozens of catalysts using small scale reactors. 
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Ambient-to-high temperature mechanical property characterization has been performed 
by Knoop et al. [5], in addition to preliminary crystallization studies. While the previous 
studies synthesized PEF on the lab-scale, recent advancement in catalyst technology by 
Avantium in the Netherlands has now enabled prospects for large-scale production.  
 Although much work has focused on synthesis and preliminary characterization of 
PEF, little has been reported on characterization of the barrier properties and its 
relationship to fundamental chain motion. Of particular importance is the significant 
reduction in reported oxygen permeability by a factor of ~10X for PEF compared to PET 
[11], despite PEF exhibiting a higher free volume. Preliminary work in our lab, discussed 
later, also shows similar permeability reductions for PEF compared to PET, along with 
similar oxygen solubilities for both polyesters. These factors, coupled with diffusion 
coefficient estimates from transient permeation measurements, prove that the large 
reduction in oxygen permeability for PEF is due primarily to a reduction in diffusion 
coefficient. This result is unexpected when considering the free volume framework of 
Cohen and Turnbull [12], and is the primary motivation for examining the chain mobility 
of PEF compared to PET. 
 The current chapter examines motional processes in high molecular weight PEF as 
revealed by thermal, mechanical, and solid-state NMR methods. Moreover, the observed 
performance differences between PET and PEF are inherently related to molecular 
structure and respective chain motional processes. We hypothesize that the asymmetric 
axis of ring rotation coupled with the dipolar furan moiety in PEF significantly hinders 
the furan ring-flipping mechanism from contributing to penetrant diffusion as observed 





C cross-polarization magic-angle spinning (CP/MAS) solid-state 
NMR measurements corresponding to Centerband-Only Detection of Exchange 
(CODEX) and variable contact-time measurements will be shown to support this 
conclusion.  
 
5.2. Experimental Methods 
5.2.1. Materials and Film Preparation 
 The poly(ethylene furanoate) (PEF) and poly(ethylene terephthalate) (PET) used 
herein are the same materials described previously in Section 3.1.1, and all amorphous 
films were melt-pressed using the method in Section 3.1.3. Table 5.1 lists relevant 
structural and physical property information for both polyesters, while molecular weight 
information is available in Section 3.1.1.  
 
































a: Density, from density gradient column at 23°C. 
b: Glass transition temperature, Tg, of amorphous sample and melting temperature, Tm, from 
differential scanning calorimetry. 





5.2.2. Thermal, Mechanical, and 
13
C Solid-State NMR Characterization 
 Differential scanning calorimetry (DSC) allowed measurement of relevant polymeric 
thermal properties. Heat-cool scans were recorded between 0°C and 280°C on a TA 
Q1000 DSC. Glass transition (Tg) temperatures were measured on the melt pressed 
samples using the half-Cp extrapolated tangent method on the second heat, which was 
measured using a heating rate of 20°C/min. The second heat was chosen for Tg 
determination because the first heat scan exhibited some noise due to the relaxation of 
residual stresses introduced from melt pressing. The film samples were dried overnight at 
35°C prior to loading into aluminum pans for testing, as water is known to induce 
plasticization [13]. 
 Similar to Chapter 4, dynamic mechanical data were recorded on a TA Q800 DMA in 
tensile geometry mode using a simultaneous frequency sweep and temperature ramp. The 
discrete frequencies ranged from 1, 2, 5, 10, and 20 Hz, while the furnace heated at 
1.5°C/min from –120°C to 0°C and 0.5°C/min from 0°C to 150°C. Tg measurements 
were recorded using the maximum in tan δ peak.  
 Information regarding the experimental conditions for the solid-state NMR 
characterization data reported in this chapter is available in Section 3.7.4. 
 
5.2.3. Supplemental Characterization 
 Density estimates for the sample films were measured at 23°C using a density 
gradient column (Techne
TM
, NJ) containing water and calcium nitrate, as discussed 
previously in Section 3.7.1. All transport data reported herein were measured using the 
permeation and pressure-decay sorption methodologies provided in Chapter 3, which also 
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contains information regarding the methods employed for XRD, FTIR, and TGA 
characterization. 
 
5.3. Results and Discussion 
5.3.1. Preliminary Characterization 
 Density data for amorphous PEF and PET measured using a density gradient column 
at 23°C are reported in Table 5.1. Measurements were recorded after twenty minutes from 
introduction of the sample into the column to allow minimal time for water uptake to 
occur. The amorphous morphology for PET is further verified through excellent 
amorphous density agreement with other literature reports [14-16]. From Table 5.1, it is 
evident that PEF exhibits a considerably higher amorphous density than PET. So-called 
specific free volume ( ˆFV ) and fractional free volume (FFV) are defined previously in 
Chapter 2 via Equations 2.39 and 2.40, respectively. 
 The occupied volume of the polymer, as utilized in Equation 2.39, can be estimated 
through group contribution techniques proposed by Sugden [17] and van Krevelen [18], 
among others. The method of van Krevelen utilizes the van der Waals specific volume 
( ˆwV ) and partitions the molecule into separate functional groups, while Sugden’s method 
provides a direct estimation of 0V̂  by summing contributions of individual atoms and 
structural features such as the presence of multiple bonds or rings. Although van 
Krevelen’s method is slightly more accurate because it accounts for minor differences in 
atomic molecular volumes due to the presence of neighboring atoms, one difficulty is that 
successful parameter estimation requires accurate accounting of all functional groups in 
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the repeat structure. Since the furan moiety is absent in the functional groups tabulated by 
van Krevelen, Sugden’s method was chosen despite having slightly reduced accuracy. 
Furthermore, meaningful comparison is possible since the same method is used for both 
polymers. Free volume calculations for both polyesters are provided in Table 5.2. 
Interestingly, PEF exhibits a higher fractional free volume than PET despite possessing a 
higher density. 
 
Table 5.2: Fractional free volume (FFV) calculations for PEF and PET based on density 
measurements at 23°C and Sugden’s method [17], and preliminary oxygen transport 























PEF 182.1 0.699 0.592 0.153 0.0107 0.094 1.04 ± 0.06 
PET 192.2 0.749 0.652 0.130 0.114 0.102 11.6 ± 0.44 
 a: Molecular weight of the repeat unit. 
 
 Preliminary oxygen transport data in both polyesters are provided in Table 5.2. 
Equilibrium oxygen sorption data measured at 35°C for both polyesters are given in the 
form of a single effective low-pressure solubility coefficient (k*) [19], where k* = (kD + 
C’Hb) and kD, C’H, and b are the parameters of the dual-mode model discussed previously 
in Chapter 2 [20]. A more detailed description of oxygen sorption and transport in PEF is 
outside the scope of this chapter, and is provided later in Chapter 6. From Table 5.2, it is 
evident that PEF and PET exhibit strikingly similar oxygen solubilities at 35°C. 
Consequently, the large reduction in oxygen permeability by ~11X for PEF vs. PET 




 FTIR scans between 4000 – 600 cm
-1 
for both polyesters are provided in Figure 5.1. 
Corresponding peak assignments are listed in Table 5.3, and exhibit excellent agreement 









































=CH (furan ring) 3129 — 
C-H (CH2) 2965 2960 
C=O stretch (ester) 1716 1716 
C-C stretch (ring) 1581 1578 
C-O stretch (ester) 1264 1258 
C-C-C bend (ring) 
C-C stretch (ring) 
1018 1017 
Ring torsion 
C=O out-of-plane bend (ester) 




 X-ray diffraction (XRD) was used to verify the amorphous morphology of both 
polyesters after the quench step in the melt press procedure. XRD measurements were 
also performed on a PEF film crystallized for 6 hours at 160°C under vacuum for 
comparative purposes. Figure 5.2 shows XRD spectra for both amorphous and 
semicrystalline PEF films, and the primary peak locations for semicrystalline PEF agree 




Figure 5.2: X-ray diffraction patterns of amorphous PET (a), amorphous PEF (b), and 
semicrystalline    PEF (c). 
 
 
 Decomposition temperatures were recorded via thermogravimetric analysis (TGA) for 
PEF and PET under nitrogen atmosphere. Example TGA traces for both polyesters are 
provided in Figure 5.3, with decomposition data listed in Table 5.1. A 24°C reduction in 
decomposition temperature for PEF is notable considering that PEF exhibits a higher 
degree of chain rigidity than PET. 
  
 












































5.3.2. Differential Scanning Calorimetry 
 Thermal transitions for both polyesters recorded during the first heat cycle are shown 
in Figure 5.4. The pronounced glass transition signatures are consistent with the 
amorphous morphology. The anomalous shape of the curves near the Tg for both 
polyesters is due to relaxation of minor residual stresses imparted during the melt press 
procedure. Furthermore, the small endothermic peak near the high temperature side of the 
Tg corresponds to enthalpic relaxation from aging and has been observed in other studies 
[14, 15]. Glass transition measurements were recorded using the half-Cp extrapolated 
tangent method on the heat capacity data, and are listed in Table 5.1 for both polyesters. 
The Tg increase of 9°C for PEF compared to PET is consistent with a higher degree of 
chain rigidity for PEF. In comparison, a significantly reduced Tg of 59°C has been 
reported for poly(ethylene isophthalate) (PEI) [22], which exhibits a similar non-linear 
structure to PEF due to the meta- phenyl ring conformation. Due to the reduced Tg, PEI is 
regarded as a non-viable replacement for PET. A simple comparison of the Tg values from 
PEF and PEI to PET can help distinguish between property enhancements resulting from 
solely the non-linearity in PEI or the non-linear furanic moiety in PEF. 
 From Figure 5.4, it is apparent that PET exhibits a large cold-crystallization and 
melting peak, whereas the heat flow curve for PEF above Tg is flat. The absence of cold-
crystallization and subsequent melting peaks for PEF indicates the long time-scale of the 
crystallization process. Crystallization in PEF is presumably hindered by increased 
structural rigidity and the asymmetric axis of rotation around the furan ring. Small 
melting endotherms for PEF appeared on the second heat, and apparent melting points 








5.3.3. Dynamic Mechanical Analysis 
 Temperature and frequency dependent mechanical relaxation data for PEF and PET 
were recorded via storage modulus (E’), loss modulus (E’’), and tan δ, which is the ratio 
of the loss modulus to storage modulus. Figures 5.5 and 5.6 show representative E’ and 
E’’ traces for both polyesters, respectively. E’ values of 3285 ± 47 MPa and 2120 ± 38 
MPa are reported at 35°C for PEF and PET, respectively. The larger storage modulus for 
PEF is attributed to increased chain rigidity, and similar observations have been made for 
modulus increases [23] and decreases [24] based on respective changes in chain rigidity. 
The glass transition temperature is recognized in Figure 5.5 by the large drop in storage 
modulus and in Figure 5.6 by the corresponding peak maximum in loss modulus. 
Crystallization is observed by the increase in storage modulus after 100°C for both 
polymers, but is much less pronounced for PEF due to the considerably slower 
crystallization rate.  
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Figure 5.5: Storage modulus (E’) curves for PEF and PET. Recorded at 1 Hz, 1.5°C/min between 




Figure 5.6: Loss modulus (E’’) curves for PEF and PET. Recorded at 1 Hz, 1.5°C/min between 
120°C to 0°C, 0.5°C/min between 0°C and 150°C. 
 
 A frequency dependent Arrhenius relationship can be used to calculate the activation 

































































A  (5.1)  
 
 In Equation 5.1, f is the frequency of the dynamic oscillations (Hz), A is the pre-
exponential factor, EA is the activation energy (kJ/mol), R is the universal gas constant 
(8.314 J/mol·K), and T is the temperature in Kelvin of the maximum in the tan δ peak. A 
linearized form of Equation 5.1 can be used with experimental data to determine the 
activation energy for both alpha and beta relaxations. The activation energy of a 
viscoelastic process can be further related to the activation entropy (ΔS) through the 





   
       
    
A
k T
E RT T S
h f
 (5.2)  
 
 In Equation 5.2, h is Planck’s constant, k is Boltzmann’s constant, T is the peak 
temperature (Kelvin) of tan δ for the viscoelastic relaxation, f is the frequency (Hz) of the 
experiment, and ΔS is the activation entropy (kJ/mol·K) of the transition. Relaxation 
processes involving large-scale cooperative chain motion have large activation entropies, 
while relaxations pertaining to localized and non-cooperative motions have increasingly 
reduced, and in some cases, essentially zero activation entropies [26, 27]. The former is 
typical of the glass transition, which signifies the beginning of micro-Brownian chain 
motion. The latter, however, is more common to all sub-Tg relaxations, as sub-Tg 
relaxations primarily involve only localized chain motion [28-31]. Quantitative values of 
the activation entropy are useful in assessing the degree of cooperativity associated with 
144 
 
the relaxation process, and give information regarding the underlying motional processes 
occurring at the molecular level.  
 A linearized Arrhenius relationship is generally not applicable to the alpha relaxation, 
as curvature induced by the spectrum of relaxation times precludes accurate calculation 
of the EA. For such cases, the Williams-Landel-Ferry (WLF) equation [32] or the Vogel-
Fulcher-Tamman (VFT) equation [33] can be used to account for curvature. As 
commonly observed with mechanical testing [34, 35], the limited scale of frequencies 
accessible via DMA prevented accurate parameter estimation for the WLF or VFT 
equations in the current work. Nevertheless, observed linearity as described by the 
Arrhenius relationship yields a first estimate of the alpha peak EA and provides a basis for 
comparison between the two polyesters. The alpha peak EA approximations for PEF and 
PET are given in Table 5.4, with uncertainty limits derived from the standard error. The 
EA value of 550 ± 6 kJ/mol for PET is similar to the value of 432 kJ/mol reported by 
Cristea et al. [36] and significantly lower than the value of 775 kJ/mol reported by 
Mackintosh and Liggat [35]. A higher activation energy for PET compared to PEF is 
consistent with other reports showing a higher value for PET when compared to 
analogously more rigid polymers, such as poly(ethylene naphthalate) (PEN) [35]. The 
large activation entropies observed at the Tg for both polyesters are consistent with the 






Table 5.4: Arrhenius approximation for the activation energy (EA) and entropy (ΔS at 1 Hz) of the 
alpha relaxation for PEF and PET.  






PEF 98 ± 0.1 475 ± 5 1040 ± 14 




 Analysis of the beta relaxation for PEF and PET using the Arrhenius relationship is 
considerably more accurate than for the alpha relaxation due to the expected linear 
relationship between ln(f) and 1/T. Moreover, the beta relaxation is of primary interest in 
this work, as researchers have linked characteristics of the beta peak to numerous 
macroscopic polymer properties [28, 30, 31, 37, 38]. Light and Seymour [37] observed 
that the area under the tan δ curve and tan δ peak maximum for the beta relaxation 
increased or decreased when PET was copolymerized with mobility-enhancing and 
mobility-restricting monomers, respectively. They further illustrated a direct correlation 
between beta peak area and oxygen diffusivity, demonstrating that the molecular motions 
associated with the beta peak were directly related to gas diffusivity. Their claims were 
further justified through direct permeability measurements at temperatures below and 
above the beta peak temperature for PET. A more detailed analysis of the beta transition 
was conducted by Maxwell et al. [30, 31], who used a combination of mechanical 
(DMA), dielectric, and NMR techniques to probe the specific molecular contributions to 
the beta peak. They give evidence that the beta peak EA for PET consists of two primary 
contributions—one from phenyl ring-flipping and the other from carbonyl motions. 
Further testing by Maxwell and coworkers [30, 31] on PET samples mixed with mobility-
restricting low-molecular weight diluents (i.e. antiplasticizers) showed that increased 
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antiplasticizer loadings resulted in further reduced beta peak EA values. An accompanying 
suppression of the high temperature side of the beta peak was also observed, which the 
authors attributed primarily to suppression of the phenyl ring-flipping mechanism. Their 
final conclusion argues that the mechanism for beta peak EA reduction during 
antiplasticization consists solely of phenyl ring motion suppression, and that the 
antiplasticizer loading is not effective at suppressing the carbonyl contribution to the beta 
peak EA. 
 Figure 5.7 shows the tan δ curves at 1 Hz for PEF and PET over the temperature 
range of the beta relaxation. First inspection of Figure 5.7 reveals that the beta peak for 
PEF is shifted to a higher temperature and the magnitude is considerably suppressed 
compared to PET. Activation energies and entropies calculated from Equations 5.1 and 
5.2 are given in Table 5.5. The beta peak activation energy of 72 kJ/mol for PET is 
consistent with various literature reports [14, 30, 36]. Clearly, differences in peak shape 
and activation energy/entropy between polyesters must be related to polymer structure 
and inherent molecular motions. Interpretation of the experimentally observed differences 




















PEF –50 ± 1 68 ± 2 68 ± 9 




 PET –70 56 ± 10 53 ± 10 
a: Dielectric measurements (DEA) [30]. 
 
 Poly(ethylene isophthalate) (PEI) is a structural isomer of PET, with the sole 
difference being the meta- and para- phenyl ring connections, respectively. The meta- 
connection gives PEI a bent structure that resembles the non-linear structure of PEF, and 
similar to PET and PEF, PEI exhibits a comparable beta relaxation. Light and Seymour 
[37] note in studying copolyesters of PET and PEI that introduction of the isophthalate 
group restricts sub-Tg motion as evidenced by a suppression in magnitude of the tan δ 
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corresponding to the beta relaxation. This trend was also observed by the results of 
Polyakova et al. [16], which showed a notable reduction in peak intensity of the beta 
relaxation for PEI when compared to PET. The difference in beta peak magnitude 
between polyesters can be examined in the context set forth by Maxwell et al. [30], who 
separated the tan δ peak for PET into separate contributions from the carbonyl motions 
and phenyl ring-flipping. Since PEI does not possess a symmetric axis of rotation around 
the phenyl ring, a phenyl ring flip in PEI will require a semi-cooperative motion of the 
neighboring carbonyl and ethylene units [39]. Moreover, the energy penalty for phenyl 
ring-flipping in PEI precludes this flipping mechanism from contributing to the 
magnitude of the beta peak. Abis et al. [39] provide NMR confirmation of this notion, 
where a significant difference in mobility between PET and PEI has been attributed to the 
respective para- and meta- phenyl ring connections. Similar results regarding mobility 
have also been observed with poly(ethylene naphthalate) (PEN), which has a bulky 
naphthalate group in place of the mobile phenyl group found in PET.  
 The relaxation data for PEF can be examined using the comparison between PET, 
PEI, and PEN. Similar to PEI and PEN, the asymmetric axis of furan ring rotation and 
ring polarity for PEF is thought to hinder this mechanism from contributing to the beta 
peak magnitude and activation energy. Figure 5.7 corroborates this claim through 
suppression in magnitude of the PEF beta peak when compared to PET. Additionally, the 
beta peak temperature for PEF is shifted ~11°C higher than for PET. This shift is 
attributed to increased chain rigidity for PEF, as shifts to both higher temperatures [16, 
37, 40] and lower temperatures [24, 41] have been reported for mobility restricting and 
mobility enhancing co-monomers in PET copolymers, respectively. If the furan ring-
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flipping mechanism in PEF does not significantly contribute to the beta peak activation 
energy, the resultant activation energy should represent the carbonyl motions alone, based 
on the work of Maxwell et al. [30, 31] for PET and the NMR results discussed below. If 
this is the case, then the beta peak activation energy for PEF might be expected to 
compare well with the activation energy contribution from solely the carbonyl motions in 
PET. Such selective characterization in PET is possible with dielectric analysis (DEA), 
which measures the relaxations induced by permanent dipoles such as the carbonyl 
moiety and neglects the contributions from non-polar moieties such as the phenyl ring. As 
a result, beta peak characteristics measured by DEA for PET therefore represent only the 
carbonyl contributions and can be used to compare directly with mechanical data for PEF. 
 Since carbonyl motions provide the dominant contribution to the beta peak activation 
energy in PEF, the activation energy and entropy measured from mechanical methods for 
PEF simplistically might be expected to have similar values to those measured by 
dielectric methods for PET. In fact, the beta activation energy of 68 kJ/mol for PEF 
measured by DMA is much higher than the 56 kJ/mol for PET measured by DEA [30] 
(Table 5.5), and almost equals the 72 kJ/mol for PET measured by DMA. Additionally, 
the activation entropy of 68 J/mol·K for PEF is considerably higher than the activation 
entropy of 53 J/mol·K resulting from the carbonyl motions alone for PET (Table 5.5).  
 While the furan rings are not thought to significantly contribute to the beta relaxation 
in PEF, the surprisingly high activation energy and entropy for the carbonyl motions 
warrant additional explanation. In the context of Starkweather [25-27], a large activation 
entropy signifies the presence of complex interactions involving either multiple 
functional groups or interaction between neighboring chains. A larger beta activation 
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energy and entropy for PEF when compared to PET therefore implies that the carbonyl 
motions in PEF are more complex and interactive than the respective motions in PET. 
This conclusion is logical, as the furan rings in PEF are highly polar when compared to 
the non-polar phenyl rings in PET. Moreover, a smaller distance between carbonyls is 
observed in PEF due to the smaller size of the furan ring versus the larger phenyl ring in 
PET. The previous reasoning suggests that the carbonyl groups in PEF must undergo 
some type of concerted motion that is possibly coupled with small scale furan ring 
oscillations, a coupling that is apparently dampened by the non-polar phenyl ring spacers 
present in PET. To illustrate, a useful comparison can be made between the beta peak 
characteristics of PET and PEN. The bulky napthalate group in PEN isolates the carbonyl 
motions more so than the single phenyl ring in PET. A report [34] that the activation 
energy and entropy of the carbonyl motions in PEN is slightly lower than that for PET is 
therefore not surprising, as isolation of the carbonyl groups causes a reduction in 
cooperative motion. The increased activation entropy and energy for the carbonyl 
motions in PEF therefore reflect a higher degree of cooperativity than the motions in 
PET. 
 Preliminary oxygen transport measurements for PEF and PET show the large 
significance of the suppression of ring flips in PEF, despite PEF exhibiting a larger free 
volume than PET. The similarity of oxygen sorption, coupled with the large reduction in 
diffusion coefficient for PEF compared to PET, proves that the significantly reduced 
permeability is a result of the reduced diffusion and, consequently, the chain motion. 
Similar permeability reductions are also observed when comparing permeability in PEI 
and PEN to PET [16, 37, 39], where drastic transport differences are attributed to reduced 
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motion resulting from the rigid isophthalate and naphthalate groups, respectively.  
 A final note should be mentioned regarding the sensitivity of both polyesters to 
orientation effects. As mentioned previously, only non-oriented polyester films were 
tested and reported in this work. In the case of PEF, the large as-received pellets were 
cryogenically ground into powder and evenly spread across the pressing plate to allow for 
sufficient heat transfer and melting prior to pressing. If cryogenic grinding was not 
performed, the large pellets would not completely melt prior to pressing and a slightly 
oriented film could potentially result. DMA testing of such oriented films show reduced 
beta peak EA’s for both PEF and PET, and is likely due to increased chain packing from 
melt orientation. 
 
5.3.4. NMR Spectroscopy and Chain Mobility 
 Detailed 
13
C solid state NMR measurements have been used to corroborate the 
mechanical relaxation data by verifying the hindrance of furan ring-flipping in PEF. 
Figure 5.8 shows the CP/MAS spectra recorded at 35°C for both polyesters, and Table 5.6 






C-CP/MAS solid-state NMR spectra for amorphous PEF and PET at 35°C. 
Asterisks indicate spinning sidebands. Ph = phenyl, Fu = furan. 
 
 
Table 5.6: Isotropic peak resonance locations for PEF and PET at 35°C. 
Sample Carbon type Resonance (ppm) 
PEF 
Carbonyl 158 
Non-protonated aromatic 147 





Non-protonated aromatic 134 









C species for all carbon types in both polyesters. This technique provides the 
time constants for magnetization buildup (TCH) and subsequent decay (T1ρ(
1















carbon type. TCH describes the magnetization buildup and depends on mobility and the 




C species. Since TCH depends on the neighboring 
proton environment and since PEF contains two fewer protons in the repeat structure than 
PET, this parameter cannot be used for a meaningful comparison between PET and PEF. 
Alternatively, T1ρ(
1
H) is useful for comparison because it reflects molecular mobility on a 
more general scale. A simplified analytical description of the signal intensities M 
measured for each peak as a function of contact time τ can be achieved using the 
following equation [42-44]: 
 



















 (5.3)  
 
 The multiple terms in the summation of Equation 5.3 are due to buildup/decay 





C atoms. If multiple terms in Equation 5.3 are required, independent measurement 
of the T1ρi(
1
H) parameters should be performed to provide a rigorous model fit to the data 
[42]. The current study avoids independent T1ρi(
1
H) measurement by considering only the 
data measured from the carbonyl carbons, which can be fitted well by Equation 5.3 using 
a single component for T1ρ(
1
H) and TCH. This is likely due to the presence of spin-
diffusion (see below) leading to a single effective value for T1ρ(
1
H) together with the low 
density of protons at the site of the carbonyl group. This sparsity of protons leads to long 
values for TCH, which also lends itself to spin-diffusion averaging. Figure 5.9 illustrates 
intensities as measured for the carbonyl carbon peak as a function of the contact time .  
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A good fit is achieved for both PET and PEF using Equation 5.3, while Table 5.7 lists the 
relevant model fit parameters. 
 
 
Figure 5.9: Variable contact-time curves for the carbonyl carbons in PEF and PET, measured at 




Table 5.7: Comparison between T1ρ(
1
H) values for PEF and related amorphous polyesters. All 
T1ρ(
1














PET This work 35 50 5.6 0.91 
PEF This work 35 50 14.9 1.27 
 
PET [42] 25 50 4.7 — 
PET-phenacetin [42] 25 50 5.6 — 
PET-semicrystalline [42] 25 50 11.5 — 
 
PET [39] 24 38 5.1 — 
PEI [39] 24 38 10.6 — 
PEN [39] 24 38 10.0 — 
 
Contact time (ms)
















 Due to spin-diffusion the T1ρ(
1
H) parameter reflects a general measure of chain 
rigidity. Spin-diffusion averaging is realized due to the “diffusion like” propagation of 
magnetization caused by dipolar coupling between individual 
1
H sites, which results in 
the measurement of a single “averaged” T1ρ(
1
H) at all sites despite each site having 
potentially different mobilities [45]. T1ρ(
1
H)  is therefore suitable for the comparison of 
mobility in various polyesters. While independent site-specific T1ρ(
1
H) measurements are 
needed to verify the occurrence of spin diffusion, comparison of our experimental  
conditions to that in other works and the findings described therein suggest that it is 
observed in our measurements. Furthermore, the T1ρ(
1
H) parameters listed in Table 5.7 
from other works represent spin-diffusion averaged values, so a  semi-quantitative 
comparison with the values from the current work is valid. 
 Choudhury et al. [42] report that T1ρ(
1
H) sequentially increased for amorphous PET, 
amorphous PET mixed with 2.32 wt% phenacetin (acting as an antiplasticizer), and 
semicrystalline PET, thus showing a positive T1ρ(
1
H) correlation with increasing chain 




C) values for all carbon types in PET, 
PEI, and PEN and correlated the results to chain mobility. Interestingly, the authors found 
that PEI and PEN exhibited similar largely increased T1ρ(
1
H) values when compared to 
PET, and used the T1ρ(
13
C) values measured at two separate field strengths to assign 
mobile and rigid regions. The explanation for the lower T1ρ(
1
H) value and increased 
mobility for PET as compared to PEI and PEN was based on the presence of ring-
flipping. The para- phenyl connection in PET provides a lower energy barrier to ring-
flipping when compared to the asymmetric meta- phenyl connection and bulky 
naphthalene rings in PEI and PEN, respectively. The current T1ρ(
1
H) value for PET agrees 
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well with other literature reports (Table 5.7), while the T1ρ(
1
H) value for PEF is 
comparable in magnitude to the values for PEI and PEN. The similarity in T1ρ(
1
H) values 
of PEF, PEI, and PEN suggests that all three polymers exhibit a similar increased rigidity 
when compared to PET. Furthermore, the proclivity or hindrance of ring-flipping appears 
to correlate with our results. 
 Quantitative information regarding the ring-flipping mechanisms in PEF and PET can 
be obtained through Centerband-Only Detection of Exchange (CODEX) measurements. 
This technique is able to probe dynamics in the range of kHz – Hz by comparing the 
intensities measured for individual peaks in a 
13
C NMR spectrum with the respective 
intensities of a corresponding reference spectrum. The CODEX experiment therefore 
requires subtraction of two similar spectra, and as such, the scale of noise in the CODEX 
spectrum will be larger than in the reference spectrum. Two-fold jump-type motions lead 
to a reduced intensity of the CODEX spectrum ICODEX with respect to the reference 
spectrum Iref by a factor ~0.5. The observable S(tm) = (Iref – ICODEX)/Iref measured as a 
function of the mixing time provides a correlation function, which allows the extraction 
of information regarding the time scale and mechanism of molecular motions. 
 We found the recording of CODEX experiments for our specific samples 
experimentally challenging. This is due to the fact that phenyl flips in polymers are often 
associated with a broad distribution of correlation times spanning over several decades. A 
distribution of correlation times ranging over 6 decades has been observed for PET using 
2
H NMR [46]. Consequently, peaks in the 
13
C-CP/MAS spectrum corresponding to the 
aromatic moieties will be associated with flips occurring on this broadly distributed time 
scale. Phenyl ring flips occur at any temperature between –30°C and the melting 
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temperature of PET; a significant fraction of these components is either too slow or too 
fast for detection by the CODEX experiment. These slow and fast fractions contribute to 





becomes quite small. Using long measuring times it was possible to reliably detect a 
signal S(tm=1s) for the aromatic moieties in PET at room temperature, while for PEF it 
was not possible to conclusively detect any signal using the same experimental conditions 
(cf. Figure 5.10). This provides evidence that the ring-flip in PEF is strongly hindered in 
comparison to PET. 
 
         
Figure 5.10: CODEX spectra (bottom) for amorphous PEF (left) and PET (right) measured at 
room temperature for tm=1s. The top curve represents the corresponding reference spectra. 
Conclusive evidence for an aromatic peak in the CODEX spectrum is found only for PET 
(encircled), while the absence in the PEF spectra provides evidence for the hindrance of furan 
ring flips. 
 
5.4. Summary and Conclusions 
 Poly(ethylene furanoate) (PEF), a bio-sourced polyester derived from 2,5-
furandicarboxylic acid, exhibits improved mechanical properties, reduced oxygen 



















terephthalic acid counterpart. A detailed comparison of the sub-ambient mechanical 
relaxation behavior of PEF and PET reveals contributions from different respective 
motional processes. While both phenyl ring-flipping and carbonyl motions contribute to 
the relaxation behavior of PET, the ring-flipping motion in PEF is strongly hindered such 
that only the carbonyl motions and small scale cooperative furan ring motions are 
believed to contribute to the relaxation behavior of PEF. Moreover, actual furan ring-
flipping in PEF is frustrated by the asymmetric axis of furan ring rotation coupled with 
the ring polarity. Corroborating proof is found through a significantly increased T1ρ(
1
H) 
value for PEF compared to PET, along with the absence of the furan peak for PEF as 
observed by CODEX measurements. The hindrance of furan ring-flipping explains the 
significant reduction in oxygen diffusion coefficient and permeability measured for PEF 
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 This chapter expands on the limited oxygen transport data for amorphous PEF 
described in the previous chapter by providing a more complete oxygen transport study at 
various temperatures using complementary permeation and pressure-decay sorption 
techniques. In Chapter 5, the limited oxygen data were only shown to complement the 
traditional polymer characterization, while this chapter focuses detailed attention on the 
PEF oxygen sorption and transport properties. A significant reduction in oxygen 
permeability of 11X was observed at 35°C for PEF compared to PET, and is attributed 
primarily to reduction in chain segment mobility for PEF resulting from a hindrance of 
furan ring-flipping. A custom-built high accuracy sorption system allowed determination 
of temperature-dependent so-called dual-mode parameters that have not been reported as 
a function of temperature for oxygen in any polyester. Energetic parameters, i.e., the 
apparent enthalpy of sorption and apparent activation energies of diffusion and 
permeation, were measured for oxygen in PEF and discussed in the context of PET and 
related polyesters.  
 
6.1. Introduction 
 Many attempts have been made to improve the barrier properties of poly(ethylene 
terephthalate) (PET), which has an undesirably high oxygen permeability that hinders 
                                                 
1
Reprinted in part from Polymer, 55/18, Burgess, S.K.; Karvan, O.; Johnson, J.R.; Kriegel, R.M.; Koros, 
W.J., Oxygen Sorption and Transport in Amorphous Poly(ethylene furanoate), 4748-4756, Copyright 2014, 
with permission from Elsevier. 
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juice and vitamin water packaging [1]. Barrier-improvement techniques are diverse and 
include organic barrier coatings, multi-layered barrier polymers, nanocomposite 
materials, polymer blends, and vacuum deposited coatings [2]. While the barrier 
properties of PET can be improved by such techniques, complex processing steps 
coupled with high capital investment can hinder production on a large scale [1]. As a 
result, much work has also focused on the development of novel pure-polymer 
replacements for PET with the goal of providing enhanced performance. 
 Poly(ethylene furanoate) (PEF) is the recently developed high-barrier polyester 
synthesized from ethylene glycol and 2,5-furandicarboxylic acid (FDCA). Due to the 
production of FDCA from renewable sugars [3], PEF also offers a bio-sourced 
replacement to poly(ethylene terephthalate) (PET) in addition to offering improved 
mechanical, thermal, and barrier properties [4]. Large-scale production of bio-sourced 
PEF can significantly reduce greenhouse gas emissions and non-renewable energy usage 
compared to petroleum-sourced PET [5]. Multiple studies have focused on small-scale 
synthesis and subsequent property characterization of PEF and related furan-derived 
polyesters [6-13]; however, only one brief report exists regarding the barrier efficacy to 
oxygen [14]. 
 This chapter can be motivated by an abbreviated table which compares the oxygen 
permeability properties in amorphous PET, which is the base case for comparison, to PEF 
and other analogously rigid polymers to PEF such as poly(ethylene naphthalate) (PEN) 
and poly(ethylene isophthalate) (PEI). A useful metric to normalize and compare 
permeability results from different studies is the so-called Barrier Improvement Factor 
(BIFP), which can be defined as the permeability of oxygen in PET divided by the 
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permeability of oxygen in either PEF, PEI, or PEN (BIFP = PPET/PPEF,PEN,PEI) [15]. 
Consequently, BIFP’s greater than unity illustrate barrier improvement compared to 
amorphous PET. Table 6.1 provides such permeability data and BIF comparisons between 
PET and related polyesters. 
 
Table 6.1. Permeability and Barrier Improvement Factor (BIFP) comparison between amorphous 









PET 35 0.114 1 Ch 5, this work 
PEF 35 0.0107 11 Ch 5, this work 
 
PET 35 0.103 1 [16] 
PEN 36 0.037 2.8 [16] 
 
PET 30 0.054 1 [17] 
PEN 30 0.019 2.9 [17] 




 From Table 6.1, it is apparent that PEF exhibits largely improved oxygen barrier 
properties compared to PET as evidenced by the large BIFP of 11, while PEN exhibits a 
smaller BIFP of 2.9 and PEI a BIFP of 3.6. Although significantly lower than PET, the 
oxygen permeability for amorphous PEF is still higher than for semicrystalline barrier 
polymers such as dry Nylon-MXD6 (0.002 Barrer at 35°C [18]) and dry ethylene vinyl 
alcohol (EVOH, 0.0003 Barrer at 35°C [18]), however the latter polymers, especially 
EVOH, typically exhibit poor oxygen permeability performance in humid environments. 
Nevertheless, the significant oxygen barrier improvements for PEF compared to PET 
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greatly expand the opportunities for introduction of PEF into markets beyond that of 
beverage packaging applications. This notion is complemented by PEF exhibiting 
improved mechanical and thermal properties compared to PET [4], which enhancements 
can be further improved via transitioning into the semicrystalline domain.  
 The large BIFP for PEF vs. PET listed in Table 6.1 and discussed in Chapter 5 
motivated the current study, which provides a more detailed investigation regarding the 
oxygen transport characteristics of PEF. Fundamental understanding of the solubility and 
diffusivity contributions to oxygen transport in PEF will help elucidate the dominant 
mechanism of barrier enhancement compared to PET and can guide development of 
increasingly advanced barrier resins. Previous research, described in Chapter 5, using 
NMR methods and dynamic mechanical analysis has revealed that penetrant diffusion in 
PEF and PET is strongly affected by chain mobility originating from the ring-flipping 
mechanism. The symmetry about the ring-flipping axis and lack of phenyl ring polarity 
promotes ring-flipping in PET. On the other hand, the nonsymmetrical axis of ring 
rotation and polarity in the furan ring hinders ring-flipping in PEF [4] and thus suggested 
a basis for understanding our limited preliminary oxygen transport data. 
 The current chapter utilizes complementary permeation and pressure-decay sorption 
methods to probe the dissolved and Langmuir sorbed populations in amorphous PEF, thus 
providing a detailed understanding of the complex transport environment in the glassy 
polymer. The significant permeability reduction of 11X for oxygen in PEF compared to 
PET is explained primarily by a difference in chain mobility [4], since both polyesters 
exhibit similar oxygen solubilities at 35°C. Furthermore, energetic transport parameters 
derived from permeation and pressure-decay sorption techniques will be shown to have 
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excellent internal consistency between the independently measured parameters. 
 
 
6.2. Transport Background and Theory 
 A detailed discussion regarding the transport background and theory utilized in this 
chapter is available in Chapter 2 (cf. Section 2.3), where Equations 6.1 – 6.4 are 























 (6.3)  
 
  * D Hk k C b    (6.4)  
 
6.3. Experimental Methods 
6.3.1. Materials and Film Preparation 
 The poly(ethylene furanoate) (PEF) and poly(ethylene terephthalate) (PET) polymers 
used in this chapter are the same materials described previously in Section 3.1.1, and all 
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amorphous films were melt-pressed using the method in Section 3.1.3. All transport 
measurements reported herein for PEF and PET reflect data corresponding to the 
amorphous morphology.  
 
6.3.2. Transport Characterization  
 Permeation data at 1, 2.5, 4, 6, and 8 atm were measured for O2 in amorphous PEF at 
30, 35, 45, and 55°C using the constant-volume, variable-pressure system described 
previously in Chapter 3. 
 Equilibrium and kinetic sorption isotherms were measured between 0 – 10 atm for O2 
in amorphous PEF at 35, 45, 55, and 65°C using the constant-volume, pressure-decay 
technique described previously in Chapter 3. Sorption measurements were recorded using 
~6 g PEF per sample cell, which amplified the transducer response due to a minimized 
void volume to sample volume ratio of ~4. Pressure-decay sorption measurements were 
recorded in 1 atm O2 intervals from 0 – 10 atm O2 at 35°C first, followed by degassing 
the sample and repeating the measurements at the next higher temperature. Use of an 
accurate density value for amorphous PEF, which was measured to be 1.4299 g/cc at 
23°C in the previous chapter, was important for accurate sorption measurements due to 
the exceedingly low solubility of O2 in PEF. 
 
6.4. Results and Discussion 
6.4.1. Permeation 
 Oxygen permeation data in amorphous PEF at 30, 35, 45, and 55°C are shown in 
Figure 6.1, along with dashed lines drawn to aid the eye. The observed constant 
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permeability vs. pressure behavior in Figure 6.1 for all temperatures might suggest 
applying the limit of total penetrant immobilization within the framework of the well 
known partial immobilization model [19]. However, total immobilization in the 
Langmuir environment is physically unlikely, due to the small penetrant size and 
exceedingly low O2 solubility. A more likely explanation for the apparent pressure-
independent permeability behavior in Figure 6.1 is low sorption uptake of O2 in PEF and 
the low degree of Langmuir site saturation at the relatively low pressures considered. A 
more complete discussion of the permeability data within the context of the partial 
immobilization model is provided in Appendix B. 
 Oxygen permeation data in amorphous PET at 35°C also exhibited approximate 
pressure independence (not shown) over the pressure range tested, and consequently, can 
be represented by an average permeability value of ~0.11 Barrer. The ratio between 
average O2 permeabilities at 35°C for PET to PEF therefore reveals a significant 
permeability reduction of ~11X (0.11/0.01=11) for PEF compared to PET [4]. The O2 
permeability value for PET at 35°C exhibit excellent agreement with prior literature 
reports [15, 16, 20], and the permeability reduction of ~11X for PEF compared to PET 
agrees with the ~10X reduction reported by Avantium [14]. The apparent activation 
energy of permeation (EP) for O2 in amorphous PEF can be obtained via the Arrhenius 
relationship in Equation 2.19 (discussed previously) and the semi-logarithmic plot in 
Figure 6.2, resulting in a value of 24.6 ± 2.4 kJ/mol for O2 in amorphous PEF. The 
uncertainty limit for EP was calculated using the standard error of the slope in Figure 6.2 
via regression analysis. Furthermore, the uncertainty limits for the data points in Figure 






Figure 6.1. Oxygen permeability in amorphous PEF. Dashed lines represent the average 




Figure 6.2. Arrhenius plot of average oxygen permeability data in amorphous PEF. 
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EP = 24.6 ± 2.4 kJ/mol 
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6.4.2. Equilibrium Sorption 
 Oxygen sorption testing was performed on amorphous PEF films at 35, 45, 55, and 
65°C. Duplicate measurements were made at all temperatures and exhibited good 
reproducibility. Equilibrium sorption isotherms and corresponding dual-mode model fits 
for O2 in amorphous PEF are illustrated in Figure 6.3, with the model parameters listed in 
Table 6.2. Equilibrium O2 sorption in amorphous PET at 35°C is shown in Figure 6.3 via 
the dashed line for comparison, and the low-pressure solubility constant (k*) value of 
0.102 ccSTP/ccPoly·atm for PET agrees well with other literature reports [21, 22]. A 
detailed discussion regarding the temperature dependence of the dual-mode model 
parameters is provided in Appendix B. 
 
 
Figure 6.3. Equilibrium oxygen sorption in amorphous PEF. Solid lines represent the respective 
dual-mode model fits from Equation 6.3. The dashed line represents the dual-mode model fit for 












































Table 6.2. Dual-mode model parameters for oxygen sorption in amorphous PEF. Model 
















PET 35 0.059 0.055 0.78 0.102 0.73 
PEF 35 0.048 0.054 0.85 0.094 0.96 
PEF 45 0.047 0.035 0.81 0.075 0.60 
PEF 55 0.038 0.033 0.69 0.060 0.60 




 From Figure 6.3, it is apparent that PEF exhibits a very similar O2 sorption to PET at 
35°C, despite the significant (11X) O2 permeability reduction for PEF. The similar O2 
solubility for PET and PEF at 35°C, in combination with the relationship P=DS, 
therefore demonstrates that the large permeability reduction for PEF is primarily due to a 
reduction in chain mobility and diffusion coefficient [4]. A detailed discussion regarding 
chain mobility and its fundamental relationship to diffusion and permeation is provided 
later in Section 6.4.4. 
 While many studies in the literature have examined the temperature-dependent dual-
mode characteristics of condensable gases [23, 24] and vapors [25] in polymers, this 
study is the first to report such temperature-dependent parameters for a non-condensable 
gas as a function of temperature in a polyester. In fact, only one report was found to 
provide the dual-mode model parameters for O2 sorption in PET [22], which is surprising 
since PET has dominated the beverage packaging industry for the last forty years. The 
lack of data in the literature presumably results from difficulty in achieving the high level 
of accuracy needed for pressure-decay measurements using insoluble gases. Furthermore, 
extracting accurate dual-mode model parameters for O2 in PEF is difficult due to the lack 
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of curvature in the isotherms (cf. Figure 6.3) resulting from low O2 solubility. This 
process is complicated by the ‘initial guess’ parameters used by the non-linear curve 
fitting program, which can influence the final model parameters due to the inherent 
coupling of b and CH’ in Equation 6.3. While care has been taken to select dual-mode 
model parameters that appear physically significant, alternative parameter sets can also 
represent the data. Fortunately, as will be shown, the accuracy of the dual-mode model 
parameters listed in Table 6.2 can be verified and corroborated through independent 
permeation measurements.  
 As noted earlier, in the absence of isotherm curvature [26], Equations 6.1 and 6.2 can 
be used in conjunction with a single permeation experiment to accurately specify both the 
penetrant sorption and diffusion coefficients. The solubility coefficient calculated from 
permeation for a glassy polymer represents an effective solubility coefficient (k*), where 
k* will be larger than the true solubility coefficient (kD) due to the presence of the 
Langmuir environment [21]. As expected, k* calculated from permeation will approach 
the true kD calculated from sorption as the temperature approaches Tg and the polymer 
transitions from the glassy to the rubbery state. Permeation experiments can therefore be 
used to validate the accuracy of the transport parameters obtained via pressure-decay 
sorption. Values of k* (from permeation) and kD (from sorption) are plotted in Figure 6.4 
in van’t Hoff form, thus illustrating the convergence of k* to kD at elevated temperatures 
approaching Tg and demonstrating the internal consistency between permeation and 
sorption measurements. The small difference between k* and kD at 35°C originates from 
the low critical temperature and low affinity constant for O2. Michaels et al. [21] also 
demonstrated close agreement between pressure-decay and permeation-based solubility 
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measurements for non-condensable gases such as O2 in PET. Larger deviations between 
k* and kD are observed for gases exhibiting higher critical temperatures (i.e., CO2 in PET 
[21, 27]); however, these differences also disappear near Tg [21, 27].  
 
 
Figure 6.4. Semi-logarithmic van’t Hoff plot of the true sorption coefficient (kD) from 
equilibrium sorption (solid circles) and the effective sorption coefficient (k*) from permeation 
testing (hollow circles) for oxygen in PEF.  
 
 
 Thermodynamic van’t Hoff analysis of the true kD data from the semi-logarithmic plot 
in Figure 6.4 reveals a value of -12.8 ± 3.0 kJ/mol for the apparent enthalpy of sorption in 
the dissolved mode (ΔHD), where the uncertainty was calculated in a manner similar to 
EP. Similar analysis of the Langmuir affinity parameter b is provided in Appendix B. The 
sorption coefficient obtained in the limit of zero pressure (k*, Equation 6.4) measured by 
pressure-decay sorption is also subject to a van’t Hoff interpretation. The apparent 
enthalpy of sorption value derived via this method is an effective parameter and physical 
interpretation is complex due to inclusion of the Langmuir capacity constant (CH’) [25]. 

























(true kD from sorption) 
(k* from permeation) 
ΔHD = -12.8 ± 3.0 kJ/mol 
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kJ/mol for O2 in amorphous PET, which is similar in magnitude to the ΔHS,eff value of -
16.5 ± 1.2 kJ/mol for O2 in amorphous PEF from the current work. A theoretical 
discussion regarding the enthalpy of sorption derived from the various dual-mode model 
parameters is provided by Koros et al. [28]. 
 
6.4.3. Kinetic Sorption 
 Aside from equilibrium sorption data, pressure-decay sorption experiments also allow 
measurement of temperature-dependent diffusion coefficient data as indicated previously 
in Section 2.4 and Section 3.3.2. As described previously, the raw pressure-decay data vs. 
time can be transformed via Equation 6.5 into a non-dimensional form that can be 

































      
  (6.6)  
 
 Oxygen diffusion in PEF is accurately described by simple Fickian kinetics due to 
low penetrant solubility and lack of strong interaction with the polymer matrix. Highly 
sorbing penetrants, which can induce long-term non-Fickian relaxations (e.g., lower 
alcohols in PET [29]), require more sophisticated models to accurately describe the 
diffusion process.  
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 One hundred terms in the summation were used to accurately approximate the infinite 
series solution in Equation 6.6, and the resulting function was modeled to experimental 
data using the MATLAB
®
-based non-linear least squares fitting routine described later in 
Chapter 11 [30]. Care was taken to accurately measure the average thickness values of 
the PEF films, as the value of DAvg from Equation 6.6 is highly sensitive to l [20, 31]. 
Since the experiments were conducted using discrete sorption intervals, DAvg calculated 
from Equation 6.6 represents an average diffusion coefficient over the concentration 
interval via Equation 6.7 [32]. Average diffusion coefficients were measured from 0 to 10 
atm O2 over 1 atm intervals, and a plot of DAvg vs. pressure will reveal any dependence of 
the diffusion coefficient on concentration. A detailed discussion of such data in the 


















 Figure 6.5 shows example Mt/M∞ data and the corresponding model fit from Equation 
6.6 (dashed white line) for a kinetic sorption interval from 0 to 1.1 atm O2 in amorphous 
PEF at 35°C. From Figure 6.5, it is apparent that the simple Fickian model defined by 
Equation 6.6 accurately describes the O2 kinetic uptake data. Values for DAvg averaged 
over all pressure intervals, indicated as DAvg ¯¯¯ , are listed in Table 6.3 at each temperature 
along with diffusion coefficients derived from transient permeation for comparison. The 
permeation-based diffusion coefficients were calculated using the time-lag measured at 1 




/s has been previously reported in 
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Chapter 5 for amorphous PET at 35°C using the time-lag method at 1 atm O2 [4], thereby 
confirming the reduction in chain mobility for PEF vs. PET. Figure 6.6 illustrates the 
Arrhenius dependence of the diffusion coefficients listed in Table 6.3 from both 
permeation and sorption measurements. The excellent agreement in diffusion coefficients 
from Figure 6.6 between sorption and permeation-based values demonstrates the internal 
consistency in the reported measurements. Values of the activation energy of diffusion 
(ED) from Figure 6.6 are similar at 43.1 ± 4.7 kJ/mol for sorption-derived values and 46.0 





Figure 6.5. Kinetic sorption isotherm for oxygen in amorphous PEF at 35°C from the pressure 
interval 0 to 1.1 atm O2. The white dashed line represents the Fickian model fit from Equation 6.6 





























p = 0 → 1.1 atm O2 
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Table 6.3. Diffusion coefficients (D) for oxygen in amorphous PEF. Values from sorption 
represent the average value over all pressure intervals, while values from permeation originate 
from the time-lag at 1 atm O2. 





(DAvg ¯¯¯ ) 
30 0.82 ± 0.06 — 
35 1.04 ± 0.06 1.03 ± 0.04 
45 2.02 ± 0.36 1.40 ± 0.05 
55 3.18 ± 0.15 2.79 ± 0.12 




Figure 6.6. Arrhenius plot of the diffusion coefficients estimated from permeation (Deff, hollow 
circles) and sorption (DAvg ¯¯¯ , solid circles) for oxygen in amorphous PEF. 
 
6.4.4. Chain Mobility and Transport Energetics 
 As mentioned previously, the sorption of O2 in amorphous PEF and PET is 
surprisingly similar at 35°C (cf. Figure 6.3), despite a reduction in O2 permeability of 




















DAvg ¯¯¯   
Deff 
ED = 43.1 ± 4.7 kJ/mol 
ED = 46.0 ± 2.4 kJ/mol 
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primarily due to a reduction in chain mobility for PEF compared to PET. Corroborating 
evidence for the importance of chain mobility is the similarity in static fractional free 
volume (FFV) measurements for both polyesters measured by density and group 
contribution methods (i.e., 0.153 for PEF and 0.130 for PET, from Chapter 5). The 
Sugden method for FFV estimation was used in this calculation since a value for the van 
der Waals volume of the furan ring is not available using the van Krevelen method. A 
more complete discussion regarding the choice of Sugden’s method as opposed to van 
Krevelen’s method is provided in Chapter 5. Furthermore, transport predictions based 
solely on FFV measurements [33] suggest incorrectly that PEF will exhibit a higher 
permeability than PET.  
 Previous work, described in Chapter 5, examined the mobility of the sub-Tg localized 
segments that contribute to the diffusion process in amorphous PEF and PET. 
Complementary results from mechanical and NMR methods demonstrate that the 
reduction in chain mobility for PEF compared to PET results from the hindrance of furan-
ring-flipping in PEF due to ring polarity and structural non-linearity [4]. The phenyl ring 
in PET, however, is non-polar and exhibits a higher degree of mobility due to the 
symmetrical axis of ring rotation [34]. A ring flip in either PEF or PET can be envisioned 
to include or induce small-scale semi-cooperative motions of the carbonyl and ethylene 
linkages [35] which also contribute to the diffusion process. The presence of 
cooperativity between the furan ring and adjoining glycol linkages in PEF is greater due 
to the conformational strain associated with a complete flip. Atomistic simulations of the 
chain dynamics of poly(ethylene isophthalate) (PEI) and PET verify this behavior [36], 
where PEI and PEF exhibit similar nonsymmetrical axes of ring rotation when compared 
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to PET. Further evidence for the importance of the ring-flipping mechanism to diffusion 
has been provided by Tonelli [37], who studied the conformational characteristics of PET, 
PEI, and poly(ethylene phthalate) (PEP, the ortho-substituted isomer of PET) [38], and 
also poly(butylene terephthalate) and poly(ethylene naphthalate) [39, 40]. 
 Various researchers have also linked characteristics of the sub-Tg beta relaxation to 
transport properties in PET and related polyesters [17, 20, 41, 42]. In particular, a 
decrease in beta relaxation intensity for the loss modulus or tan δ compared to PET 
correlates well with reduced oxygen diffusivity. Similar intensity reductions in tan δ have 
been observed for PEF compared to PET [4], however, PEF exhibits a larger than 
expected activation energy and entropy for the beta relaxation due to enhanced 
cooperativity originating from the smaller ring size, asymmetric axis of rotation, and ring 
polarity. Consequently, the general correlation between the activation energy of the beta 
peak and the activation energy of oxygen diffusion in structurally similar polyesters 
suggested by Hiltner et al. [31] may be questionable for PEF. 
 A summary of the energetic transport parameters measured for PEF is provided in 
Table 6.4, along with a comparison of similar values for PET obtained from the literature. 
Corresponding values for PEI and PEN, which have a similar rigidity to PEF, will be 
referenced in the text as needed. From Table 6.4, the apparent activation energy of O2 
diffusion (ED) in PEF is slightly larger than the value for PET. As a note, the ED value of 
48.5 kJ/mol reported by Michaels et al. [43] is much larger than other reports, but is 
included in Table 6.4 for completeness. Values of ED for O2 in PEI and PEN are reported 
at 43 kJ/mol and 44 kJ/mol [16], respectively, and are both slightly larger than the value 
of 39.7 kJ/mol for PET from the same study. The results therefore indicate that the ED 
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value for PEF, PEI, and PEN, which are more rigid than PET, are all slightly larger than 
the ED for PET. Such correlation with chain rigidity is partially expected, and will be 
explained shortly. As a side note, it should also be mentioned that the energetic values for 
O2 diffusion in glassy PEF agree well with the known correlation of log(D0) with ED/T 
for glassy polymers as illustrated by Koros [44]. 
 The effective enthalpy of sorption (ΔHS,eff) values in Table 6.4 reveal a more negative 
value of -21.4 ± 3.4 kJ/mol for PEF compared to -10.8 kJ/mol for PET. Furthermore, 
PEN exhibits an intermediate value of -14.2 kJ/mol, while PEI exhibits a value of -19.8 
kJ/mol [45], which is more similar to PEF. These results indicate that the ΔHS,eff for O2 in 
PEF and PEI are quite similar to each other and lower than the value for PET, while the 
value for PEN is intermediate between the two limiting values. These results are 
interesting and perhaps originate from the similarity in non-symmetrical bonding and 
small ring structures for PEF and PEI, whereas PEN contains a more bulky naphthalene 
ring than the smaller furan and phenyl rings in PEF and PEI, respectively. The apparent 
enthalpy of O2 sorption in the dissolved mode (ΔHD) of PEF cannot be compared to that 
for PET due to lack of data in the literature for PET. 
 Simple addition of the ED and ΔHS,eff values in Table 6.4 measured from sorption 
yield an estimate of the apparent activation energy of permeation EP, which can be 
compared directly to the EP value estimated from permeation measurements. As seen in 
Table 6.4, close agreement between the EP values calculated via the two independent 
methods for O2 in PEF demonstrates the internal consistency of the measurements. The 
EP value of 24.6 ± 2.4 kJ/mol for PEF is slightly lower than the average value of 29.3 
kJ/mol for PET. Based on the previous similarity between PEF and PEI, it is not 
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surprising that the EP for PEF compares well with the value of 23.2 kJ/mol reported for 
PEI [45]. Furthermore, an EP for PEN reported at 29.8 kJ/mol [16] agrees well with the 
value of PET. 
 













Permeation 24.6 ± 2.4 46.0 ± 2.4 -21.4
a
 ± 3.4 — This work 
Sorption 26.6
b
 ± 4.9 43.1 ± 4.7 -16.5
f
 ± 1.2 -12.8 ± 3.0 This work 
 
PET 







 — [43] 
Permeation 29.0 39.7 -10.7
a
 — [16] 
Permeation 30.3
d
 — — — [46] 
Permeation 27.3
e
 — — — [47] 
Permeation — 42.3
d
 — — [48] 
Sorption — — -14.6 — [21] 
a: Estimated from ΔHS,eff = EP - ED 
b: Estimated from EP = ED + ΔHS,eff 
c: Values are larger than other reported values but are reported for completeness.  
d: For semi-crystalline PET. 
e: For biaxially oriented PET. 
f: This estimate was obtained from the temperature dependence of k* derived from the low 
pressure limit of the dual-mode model (i.e., k* = kD + CH’b). The temperature dependence of a 
model-independent k* obtained from fitting a general cubic polynomial expression to the sorption 




 As discussed previously in Chapter 2, penetrant diffusion is often portrayed via 
Equation 6.8 from random walk theory [49, 50], where λ is the path length of a molecular 
jump, f is the frequency of jumps, and the factor 1/6 represents a random walk in an 
isotropic medium. The jump frequency is a measure of how often molecular-sized gaps 
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form in the medium, and for polymers, is fundamentally related to the segmental chain 
mobility. From Equation 6.8, if the diffusion path lengths are similar between PEF and 
PET, then the drastic reduction in diffusion coefficient for PEF correlates directly to a 
significant reduction in the frequency of hole formation and diffusive jumps compared to 
PET. This result can be explained by the reduction in chain mobility for PEF due to the 
hindrance of ring-flipping when compared to PET [4]. Furthermore, f can be interpreted 
using an activation energy or free volume approach, which are inherently different 
methods for describing the same diffusion process. The activation energy interpretation 
has been chosen for the current discussion, however both methodologies are extensively 





D f   (6.8)  
 
 A simplistic, yet useful activation energy model was first proposed by Meares [53], 
who expressed the apparent activation energy of diffusion as the energy needed to open a 
penetrant-sized cylindrical cavity within the polymer. The dimensions of the cylindrical 
cavity are defined by the diameter of the penetrant molecule (dA) and the length of a 
diffusive jump (λ), while the energy required to open the cavity is proportional to the 
cohesive energy density of the polymer (ECD). Meares’ interpretation is provided in 









D A CDE N d E   (6.9)  
 
 Equation 6.9 has realized some success [54], however the model is generally viewed 
as being too simplistic for describing the complex diffusion process within a polymer [51, 
52]. Nevertheless, the model can still provide a first-approximation to understanding the 
diffusive process in related polymers. The cohesive energy density (ECD) from Equation 
6.9 can be estimated by the highly approximated group contribution method of Fedors as 
reported by van Krevelen [55], thus yielding values of 560 J/cc for PEF and 540 J/cc for 
PET. Similar values of 550 J/cc and 530 J/cc have been reported for PEI and PEN, 
respectively [45]. If the diffusive path length is assumed to be similar for PET, PEF, PEI, 
and PEN, then the larger ECD values for PEF and PEI compared to PET successfully 
predict via Equation 6.9 the slight increase in ED for PEF and PEI compared to PET. 
Alternatively, a lower ECD for PEN compared to PET would suggest a lower ED for PEN, 
but this is not experimentally observed by measurements in the literature [16]. This 
inaccurately low prediction is either from an inadequacy in the model (most likely) or 
perhaps from the assumption of similar jump lengths for PEN and PET, however the 
latter assumption may still be reasonably valid in a tightly packed glassy matrix. 
 A more instructive molecular model, although still idealized, is provided by Brandt 
[52, 56] in Equation 6.10, where pI is related to ECD, dp is the approximate diameter of a 
polymer chain, ad is the length of the polymer segment involved in a diffusive jump, dA is 
the diameter of the penetrant molecule, ds is the inter-chain spacing of the polymer 
segments prior to chain separation, ψ0 is the energy barrier associated with internal 
rotation around a chain bond, and bd is the projected length on the chain axis of a 
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backbone chain bond [52].  
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 (6.10)  
 
 While quantitative evaluation of Equation 6.10 is difficult for PEF and PET, a 
qualitative comparison between the two polyesters can help explain the slightly increased 
ED for PEF. X-ray diffraction measurements reported in Chapter 5 reveal that the peak 
maximum of the amorphous halo for PEF is shifted to a higher 2θ value than for PET, 
thus indicating a slightly smaller average inter-chain spacing (ds) for PEF. Since the 
diameter of the penetrant (dA) is the same for PEF and PET, the term (dA – ds) will 
therefore be larger for PEF. Additionally, since PEF is more rigid than PET, the barrier to 
internal rotation (ψ0) will be increased for PEF compared to PET. Increased rigidity for 
PEF might also indicate a reduced length for the projection of the backbone bond onto 
the chain axis (bd), in addition to a possible increase in length of the polymer segment 
involved during the chain separation step (ad). Since O2 in PEF exhibits a slightly larger 
ED than for PET, the results can be rationalized using Equation 6.10. 
 As seen in Equation 6.10, accurately modeling the energetics of the diffusion process 
is challenging. Additional activation energy and free volume-based models not discussed 
here, but deserve mention, are Barrer’s activated zone theory [57], the free volume theory 
of Cohen and Turnbull [58], and the volume fluctuation theory proposed by Dibenedetto 




6.5. Summary and Conclusions 
 Poly(ethylene furanoate) (PEF), when manufactured using bio-sourced ethylene 
glycol, provides a 100% renewable alternative to petroleum-sourced poly(ethylene 
terephthalate) (PET) with significantly enhanced barrier properties. Oxygen transport in 
amorphous PEF was studied at temperatures between 30°C to 65°C using permeation and 
pressure-decay sorption techniques. Internal consistency in the values from both methods 
was demonstrated through detailed analysis and comparison of the temperature-
dependent transport parameters. Significant differences in chain mobility between PEF 
and PET explain the large reduction in O2 permeability of 11X for PEF [4]. Moreover, 
hindrance in complete ring-flipping for PEF arises from the large energy barrier 
associated with the ring polarity and nonsymmetrical axis of ring rotation. Further 
analysis reveals that the common permeability vs. free volume correlation established by 
Lee [33] cannot accurately predict the permeability reduction of PEF compared to PET, 
since both polyesters share similar static free volumes. Application of the partial 
immobilization model to pressure dependent permeation and diffusion was demonstrated 
in Appendix B, thus highlighting the significance of the Henry’s law sorption mode in 
PEF due to low O2 solubility. Energetic transport parameters were successfully measured 
for O2 in PEF and discussed in the context of PET and related polyesters. 
 The current chapter provides a “base case” investigation of oxygen transport in 
amorphous PEF at multiple temperatures. The idealized two-phase model [21, 43] can be 
used to provide an estimate of the transport properties in semicrystalline PEF samples 
based on the amorphous volume fraction; however, it has already been shown that 
deviations from such ideal behavior exist for PET [63], which is structurally similar to 
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PEF. Consequently, detailed transport studies are needed in semicrystalline PEF to further 
examine the effect of crystallinity and the corresponding applicability of the idealized 
two-phase model.  
 PEF, due to the possibility of complete bio-renewable sourcing and improved barrier, 
thermal, and mechanical properties, serves as an excellent replacement for the currently 
dominant petroleum-based PET. This chapter presents the first detailed study of penetrant 
transport in PEF, thereby proving the high barrier efficacy to oxygen and highlighting the 
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 Complementary to Chapter 6, which examined oxygen transport in PEF, this chapter 
investigates carbon dioxide transport in amorphous PEF at various temperatures using 
permeation and pressure-decay sorption techniques. Detailed measurements for PEF at 
35°C indicate a significant, surprisingly large reduction in carbon dioxide permeability of 
19X at 1 atm compared PET, despite both an increase in free volume and carbon dioxide 
solubility of 1.6X for PEF vs. PET. The solubility increase for PEF, which originates 
from greater interaction between carbon dioxide and the polar furan moiety, is offset by a 
substantial reduction in diffusivity of 31X compared to PET. Such diffusion reduction for 
PEF, which is 3X greater than the 9.7X reduction in oxygen diffusivity compared to PET, 
is thought to originate from a hindrance of polymer ring-flipping motions compared to 
PET. A possible mechanism for the surprising barrier improvement for carbon dioxide in 
PEF vs. PET is provided in this chapter, along with a detailed comparison to oxygen and 
preliminary water transport data. Additional discussion is provided regarding the larger 
barrier improvement seen for carbon dioxide vs. oxygen in PEF vs. PET. 
 
7.1. Introduction 
 Poly(ethylene furanoate) (PEF) is the furan-based analog to poly(ethylene 
terephthalate) (PET), which is the dominant polymer used in the beverage packaging 
                                                 
1
Reproduced in part with permission from Burgess, S.K; Kriegel, R.M.; Koros, W.J., Carbon Dioxide 
Sorption and Transport in Amorphous Poly(ethylene furanoate), Macromolecules, DOI: 10.1021/acs. 
macromol.5b00333, Copyright 2015 American Chemical Society. 
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industry. PEF and other related furanic polymers have been the subject of much recent 
research [1-20], due in part to the increased rigidity resulting from the furan moiety and 
attractive bio-renewable sourcing [21]. Currently, no published data exist regarding the 
sorption and transport of carbon dioxide in PEF; however, such data are necessary to 
enable large-scale industrial applications in the PET-dominant beverage packaging 
market, which currently comprises approximately 15 million metric tons/year [5].  
 A careful, fundamental study is required to understand the surprising carbon dioxide 
barrier advantages for PEF compared to PET and related polyesters such as poly(ethylene 
isophthalate) (PEI) and poly(ethylene naphthalate) (PEN). In fact, PET exhibits the 
highest carbon dioxide permeability of the aforementioned four polyesters, and 
consequently, provides a useful base case for comparison. Such comparisons can be 
quantified in terms of the Barrier Improvement Factor (BIFP) [22], which represents the 
permeability of carbon dioxide in PET divided by the respective carbon dioxide 
permeability in PEF, PEN, or PEI. Permeability data and related BIFP values provided in 
Table 7.1 emphasize the surprisingly large 19-fold permeability reduction for PEF 
compared to PET versus the smaller reductions compared to PET for PEI (ranging from 8 
to 13) and for PEN of only 3-fold. Moreover, the carbon dioxide BIFP of 19 for PEF vs. 
PET reported herein is significantly greater than the PEF BIFP value of 4 reported in a 
prior study [23]. Such large differences in BIFP values potentially originate from 
differences in polymer morphology and the chosen permeation test method. Specifically, 
the permeation values reported in this study were measured using amorphous, un-oriented 
PEF films, while most industry methods for carbon dioxide permeation testing typically 
utilize the entire finished package, which may include package “creep” during testing. If 
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Table 7.1. Carbon dioxide permeability comparison (i.e., Barrier Improvement Factor, BIFP) 
between transport in PET and related polyesters (i.e., PEF, PEI, and PEN). All values reflect data 
for essentially amorphous and un-oriented samples, with test conditions performed at low 








PET 35 0.49 1 This work 
PEF 35 0.026 19 This work 
 
PET 30 0.57 1 [24] 
PEI 30 0.045 13 [24] 
 
PET 25 0.53 1 [25] 
PEN 25 0.17 3.1 [25] 
 
PET 30 0.32 1 [26] 
PEN 30 0.11 2.9 [26] 




 The current study extends our prior work regarding PEF fundamental chain mobility 
(Chapter 5) and oxygen sorption and transport (Chapter 6). It is important to note that the 
independent carbon dioxide transport data for PEF recorded at multiple temperatures via 
complementary pressure-decay sorption and permeation methods presented in this 
chapter will be shown to be internally consistent. Since permeability is equal to a product 
of sorption and diffusion contributions (cf. Chapter 2), the carbon dioxide permeability 
reduction of 19X for PEF compared to PET at 1 atm can be factored further into 
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respective sorption and diffusion contributions. This factorization gives valuable insight 
into the fundamental basis for the difference in PEF vs. PET barrier performance. 
 In addition to providing the first transport study for carbon dioxide in amorphous 
PEF, the current chapter concludes with a detailed side-by-side comparison of the 
sorption and diffusion contributions to penetrant permeability in amorphous PEF vs. PET 
for carbon dioxide, oxygen, and water at 35°C (cf. Tables 7.6 and 7.7). This comparison 
clearly shows the detailed basis for the attractive barrier properties of PEF vs. PET, which 
combined with fully renewable PEF sourcing and improved thermal and mechanical 
properties, make it an attractive substitute for PET. The preliminary water transport data 
included herein (for comparison purposes) are taken from Chapters 8 and 9, which 
provide much a much more detailed investigation regarding equilibrium and kinetic water 
sorption, respectively, in both polyesters over the entire water activity range. 
 
7.2. Transport Background and Theory 
 A detailed discussion regarding the transport background and theory utilized in this 
chapter is available in Chapter 2 (cf. Section 2.3), and select equations which will be 
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7.3. Experimental Methods 
7.3.1. Materials and Film Preparation 
 The poly(ethylene furanoate) (PEF) and poly(ethylene terephthalate) (PET) used in 
this chapter are the same materials described previously in Section 3.1.1, and all 
amorphous films were melt-pressed using the method in Section 3.1.3. All transport 
measurements reported in this study for PEF and PET reflect data corresponding to the 
amorphous morphology. 
 
7.3.2. Transport Characterization 
 Carbon dioxide permeation data (i.e., 1, 2.5, 4, and 6 atm carbon dioxide at 30, 35, 
45, and 55°C) were measured for amorphous PEF via the same constant-volume, 
variable-pressure apparatus and procedure described previously in Chapter 3. Permeation 
isotherms were measured in steps of increasing pressure at the lowest temperature first, 
followed by similar testing at the next highest temperature. Since carbon dioxide can 
induce plasticization/conditioning in polyester films [27], the permeability at 1 atm was 
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re-checked after testing at 6 atm at each temperature to verify that the values were 
reproducible and that the amorphous morphology was not detectably altered via testing at 
the highest pressure. Previous researchers have employed a “pre-conditioning” step at the 
highest carbon dioxide test pressure for PET to avoid plasticization during the course of 
testing (i.e., max pressure 20 atm carbon dioxide [27, 28]); however, this practice was not 
employed in the current work due to the relatively low pressures investigated. Transport 
testing at elevated temperatures near the glass transition temperature of the polymer can 
induce physical aging; however, our investigation regarding the effect of aging on 
transport in PEF reveals that this effect is minor (cf. Chapter 10 [19]). Permeation time-
lags were measured at 1 atm and used in combination with D = l
2
/6θ and Equation 7.4 for 
additional transport analysis. All permeation-related data reported in this study reflect the 
average of at least three measurements, with uncertainty limits derived from the standard 
error. 
 Carbon dioxide sorption data (i.e., 1 to 6 atm in steps of 1 atm at 35, 45, 55, and 
65°C) were measured in amorphous PEF using the same constant-volume pressure-decay 
apparatus and procedure described in Chapter 3. Unlike the oxygen study discussed in 
Chapter 6, which utilized the same PEF sample for oxygen sorption testing at all 
temperatures, fresh films were used at each temperature for carbon dioxide testing in the 
current chapter. Such precautions were used, since carbon dioxide sorption at high 
pressure might induce sorption hysteresis, thereby possibly altering the morphology of 
PET [27-30] and other glassy polymers [31-33]. In fact, in this work, non-Fickian 
relaxations were observed at almost all carbon dioxide sorption pressures tested for PEF, 
despite the relatively low maximum pressure of 6 atm tested. This “conditioning” 
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behavior was not observed in the permeation measurements, resulting likely from the 
vacuum conditions on the downstream side of the permeation film at all times (i.e., there 
is a partial pressure differential across the permeation film, while a uniform partial 
pressure exists throughout the sorption films). Similar non-Fickian uptake behavior, as 
measured via pressure-decay methods, was also observed in our prior work regarding 
carbon dioxide sorption in amorphous PET, discussed previously in Chapter 4. Each 
complete sorption isotherm at 35, 45, 55, and 65°C in the current chapter (cf. Figure 7.4) 
was measured using at least two different samples to verify the reproducibility of the 
reported data. 
 
7.4. Results and Discussion 
7.4.1. Permeation 
 Carbon dioxide permeation data are provided for amorphous PEF as a function of 
pressure and temperature in Figure 7.1, with dashed lines drawn to aid the eye. The 
pressure dependencies reported in Figure 7.1 are significantly more pronounced than the 
corresponding pressure independence for oxygen in PEF reported in Chapter 6. This 
behavior is expected, due to the higher condensability and solubility of carbon dioxide in 
PEF compared to oxygen. Such pressure dependent permeability data are amenable to 
analysis via the partial immobilization model [34], provided that the dual-mode model 
parameters from Equation 7.1 are known. A detailed discussion regarding the partial 
immobilization model as it pertains to carbon dioxide transport in amorphous PEF is 








 Permeability data for carbon dioxide in amorphous PET at 35°C are reported in 
Chapter 4 and plotted in Figure 7.2 alongside the respective permeability data at 35°C for 
PEF. Inspection of Figure 7.2 reveals a significant permeability reduction of 19X at 1 atm 
for carbon dioxide in PEF compared to PET (i.e., 0.49/0.026 = 19). It is interesting to 
note that the permeability reduction for carbon dioxide is larger than the 11X reduction in 
oxygen permeability observed for PEF compared to PET in Chapter 6. A detailed 
discussion regarding the respective sorption and diffusion contributions to the reduction 
in carbon dioxide permeability for PEF compared to PET is provided later in the 
document (cf. Tables 7.6 and 7.7). 
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Figure 7.2. Carbon dioxide permeability in amorphous PEF and PET at 35°C. Data 





 The permeability data for PEF in Figure 7.1 were re-plotted in semi-logarithmic form 
to perform an Arrhenius analysis. Temperature-dependent permeability data at 1 atm 
(circles) and 6 atm (triangles) are plotted versus the inverse of temperature in Figure 7.3 
in such fashion, thereby yielding values of 23.7 ± 0.2 kJ/mol at 1 atm and 25.2 ± 0.4 
kJ/mol at 6 atm for the apparent activation energies of permeation (EP). A slightly larger 
EP value corresponding to the highest pressure is not surprising, and originates in part 
from a difference in degree of Langmuir site saturation at the two pressures [28]. The EP 
estimate at 6 atm is included for illustration purposes, and all additional apparent 
energetic parameters discussed throughout the remainder of the work reflect values 
corresponding to the low pressure limit (i.e.,  1 atm carbon dioxide). The 1 atm values 
can be considered an effective infinite dilution limit, consistent with the previous 
discussion of these parameters in Equations 7.2 – 7.5. 
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Figure 7.3. Arrhenius plot of carbon dioxide permeability at 1 atm (circles) and 6 atm (triangles) 




7.4.2. Equilibrium Sorption 
 Equilibrium sorption data for carbon dioxide in amorphous PEF at multiple 
temperatures are plotted in Figure 7.4 along with the corresponding dual-mode fits from 
Equation 7.1. The carbon dioxide sorption isotherm at 35°C for amorphous PET is 
reported in Chapter 4 and plotted for comparison in Figure 7.5 alongside the respective 
sorption data at 35°C for amorphous PEF. The dual-mode parameters corresponding to 
the data in Figures 7.4 and 7.5 are provided in Table 7.2, and a discussion regarding the 
temperature dependence of the parameters from Table 7.2 is available in Appendix C. The 
uncertainty limits for kD, b, and CH’ in Table 7.2 represent the standard error of the model 
fit parameters from Equation 7.1 determined via the fitting program (SigmaPlot 8.0). 
Furthermore, the relative lack of isotherm curvature (cf. Figure 7.4) and the inherent 
coupling of CH’ and b in Equation 7.1 produce large uncertainty estimates for CH’ and b. 
























EP (1 atm) = 23.7 ± 0.2 kJ/mol 
CO2 in PEF 





analysis [35] applied to the definition of k* (i.e., k* = kD + CH’b). 
 
 
Figure 7.4. Equilibrium carbon dioxide sorption data for amorphous PEF. Solid lines represent 





Figure 7.5. Equilibrium carbon dioxide sorption data for amorphous PEF and PET. Data 
corresponding to PET (dashed line) are from Chapter 4 and are included in this figure for 
comparison purposes. 
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 35 0.93 ± 0.04 0.50 ± 0.2 1.6 ± 0.4 1.7 ± 0.3 0.86 ± 0.4 
PEF 35 1.2 ± 0.06 0.83 ± 0.3 1.9 ± 0.5 2.8 ± 0.7 1.3 ± 0.5 
PEF 45 0.96 ± 0.1 0.68 ± 0.6 1.7 ± 0.9 2.1 ± 1 1.2 ± 1 
PEF 55 0.78 ± 0.05 0.58 ± 0.4 0.85 ± 0.5 1.3 ± 0.4 0.63 ± 0.5 
PEF 65 0.60 ± 0.07 0.42 ± 0.9 0.58 ± 0.8 0.84 ± 0.6 0.41 ± 1 





 First inspection of Figure 7.5 reveals that carbon dioxide is noticeably more soluble in 
PEF compared to PET, which is the opposite behavior observed for oxygen sorption in 
PEF vs. PET from Chapter 6. Examination of the dual-mode model parameters for carbon 
dioxide at 35°C in Table 7.2 reveals both a larger carbon dioxide kD and b for PEF 
compared to PET, probably reflecting a greater interaction between carbon dioxide and 
the PEF matrix compared to PET. Such behavior can be rationalized by carbon dioxide 
exhibiting a greater affinity for the polar furan ring in PEF compared to the non-polar 
phenyl ring in PET. The Langmuir capacity constant (CH’) for carbon dioxide is also 
apparently larger for PEF compared to PET, which agrees with the trend in CH’ observed 
for oxygen (cf. Chapter 6). Despite the overall increase in carbon dioxide solubility for 
PEF compared to PET, a significant reduction in overall permeability of 19X at 1 atm for 
PEF vs. PET is still observed. A more detailed discussion regarding this interesting effect 
and how it pertains to the overall transport comparison between PEF and PET is provided 
later in Section 7.4.4. 
 As mentioned previously, the effective solubility coefficient (k*) reflects sorption 
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contributions from both the Langmuir and Henry’s populations, and by nature, is larger 
than the respective sorption coefficient for the Henry’s population (kD) [16, 27, 28]. A list 
of relevant sorption parameters measured via pressure-decay sorption (i.e., kD and k* = 
kD+CH’b) and permeation (i.e., k* = 6θP/l
2
) is provided in Table 7.3, where satisfactory 
agreement is observed between k* values measured via the independent permeation and 
sorption methodologies noted earlier. 
 
 
Table 7.3. Sorption parameters for carbon dioxide in amorphous PEF measured via pressure-
decay sorption and permeation techniques. The sorption estimates from permeation were 
measured with an upstream pressure of 1 atm. 
 
 Sorption Permeation 
Temp 
(°C) 




















30 – – 2.5 ± 0.1 
35 1.2 ± 0.06 2.8 ± 0.7 2.2 ± 0.07 
45 0.96 ± 0.1 2.1 ± 1 1.7 ± 0.04 
55 0.78 ± 0.05 1.3 ± 0.4 1.1 ± 0.02 




 The sorption parameters from Table 7.3 can be re-plotted in semi-logarithmic form as 
a function of inverse temperature to perform a van’t Hoff analysis based on Equation 2.6. 
Sorption parameters determined from permeation testing (i.e., k* = 6θP/l
2
) are plotted in 
Figure 7.6 (hollow circles) along with values of kD measured from sorption (solid circles), 
while data corresponding to k* determined from sorption (i.e., k* = kD+CH’b) are plotted 
in Appendix C. Inspection of Figure 7.6 reveals that k* approaches kD as the temperature 
increases towards the glass transition temperature (i.e., Tg ≈ 85°C [15]). Such behavior is 
expected, since the Langmuir contribution to k* will decrease and effectively disappear at 
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Tg, leaving k* = kD at and above Tg [27, 28]. The van’t Hoff analysis illustrated in Figure 
7.6 yields estimates for the apparent enthalpies of carbon dioxide sorption in PEF from 
the two independent methods. Specifically, analysis of kD yields the apparent enthalpy of 
sorption in the dissolved Henry’s mode (ΔHD = -20.5 ± 0.8 kJ/mol), while analysis of k* 
determined from permeation yields the apparent enthalpy of sorption in both the 
dissolved and microvoid populations (ΔHS,eff = -26.5 ± 3 kJ/mol). A more exothermic 
value of ΔHS,eff compared to ΔHD is consistent with the notion that sorption via molecular 
dissolution includes the endothermic step of penetrant-sized “hole formation” between 
the polymer chains [36], while a molecular scale “hole” ideally already exists for sorption 
in the Langmuir population [27, 37, 38]. Additional information pertaining to the van’t 
Hoff analysis of sorption parameters is provided in Appendix C. 
 
 
Figure 7.6. Van’t Hoff analysis of the sorption parameters for carbon dioxide in amorphous PEF. 


































ΔHD = -20.5 ± 0.8 kJ/mol 
(true kD from sorption) 
(k* from permeation) 





7.4.3. Kinetic Sorption and Diffusion 
 Aside from equilibrium sorption data, pressure-decay sorption experiments also allow 
measurement of temperature-dependent diffusion coefficient data as indicated previously 
in Section 2.4 and Section 3.3.2. As described previously, the raw pressure-decay data vs. 
time can be transformed via Equation 7.6 into a non-dimensional form that can be 
modeled using the solution of the time-dependent diffusion equation in Equations 7.7 – 
7.9, which specifically applies to carbon dioxide sorption in PEF (cf. Section 2.4.2). As a 





























   






 (7.7)  
 














 (7.9)  
 
 While Equation 7.7 can successfully account for the variable pressure at the film 
surface during diffusion, more complex models are needed for diffusion cases involving 
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the superposition of true non-Fickian relaxations with the polymer [39-41]. Such uptake-
induced relaxations and/or conditioning-type behavior have been observed for carbon 
dioxide uptake in PET at both relatively low [42] and high [27, 28, 43] pressures, and 
similarly, are also observed in the current work to some degree regarding PEF at all 
carbon dioxide uptake pressures >0.5 atm. Detailed investigation of such non-Fickian 
behavior is beyond the scope of the current chapter, and consequently, only kinetic 
sorption isotherms corresponding to the lowest pressure step (i.e., 0 to ~0.5 atm carbon 
dioxide) are investigated and reported herein. Example kinetic data for carbon dioxide 
uptake in PEF at 35°C are reported in Figure 7.7 along with the model fit from Equation 
7.7 (dashed white line). Optimization of the diffusion coefficient from Equation 7.7 was 
performed using the MATLAB
®




Figure 7.7. Kinetic sorption isotherm between 0 to 0.36 atm for carbon dioxide uptake in 
amorphous PEF at 35°C. The Fick-LV model fit from Equation 7.7 is depicted via the white 























p = 0 → 0.36 atm CO2 
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 Diffusivity estimates via Equation 7.7 represent the average value over the discrete 
pressure uptake interval (i.e., approximately 0 to ~0.5 atm carbon dioxide). Due to the 
relatively low maximum pressures tested, the diffusivities determined from sorption 
should ideally agree with the diffusivities determined via permeation testing at 1 atm (i.e., 
D = l
2
/6θ). The diffusivities determined from sorption and permeation discussed thus far 
are independent of the actual solubility and permeability, respectively (i.e., Mt/M∞ is 
dimensionless, and the estimates from permeation originate from the time-lag). A third 
diffusivity estimate, which can be used to further cross-verify the internal consistency of 
the measurements, can be provided via D = P/k*, where P is the steady-state permeability 
at 1 atm from permeation testing, and k* is the effective solubility coefficient from 
sorption testing (i.e., k* = kD + CH’b). Carbon dioxide diffusivities in amorphous PEF 
from all three methods (i.e., sorption, permeation, and permeation/sorption) are provided 
in Table 7.4, where excellent agreement is observed among the reported parameters. Any 
small impact of non-Fickian relaxations, even for feed pressures of 1 atm appear to be 
less than the experimental uncertainty in general; however, at higher pressures, e.g., both 











Table 7.4. Effective diffusion coefficients at low pressure for carbon dioxide in amorphous PEF. 


























(Fick-LV, Eq. 7.7) 
30 0.70 ± 0.05 – – – 
35 0.92 ± 0.05 0.72 ± 0.2 0.76 ± 0.07 0.28 ± 0.02 
45 1.6 ± 0.03 1.3 ± 0.8 1.6 ± 0.1 0.13 ± 0.02 
55 3.2 ± 0.1 2.8 ± 0.9 2.8 ± 0.2 0.11 ± 0.002 
65 – – 5.1 ± 1 0.067 ± 0.009 
a: Measured via the time-lag method with an upstream pressure equal to 1 atm. 
b: P represents the steady-state carbon dioxide permeability at 1 atm, and k* represents the 
sorption derived effective solubility parameter from Table 7.2 (i.e., k* = kD + CH’b). 
c: Measured via the model fit of Equation 7.7 to kinetic sorption data over the pressure interval 0 




 Inspection of Table 7.4 reveals that 1/(1+α) (i.e., Equation 7.9) exhibits a negative 
correlation with temperature, which represents an expected decreasing fractional uptake 
with increasing temperature due to the reduced carbon dioxide solubility in PEF at higher 
temperatures (cf. Figure 7.4). Diffusivities determined via the permeation and sorption 
methods are plotted in Arrhenius form in Figure 7.8, while the respective values from 
P/k* are not shown to avoid cluttering the figure. As seen in Figure 7.8, the apparent 
activation energy of diffusion (ED) from sorption (53.9 ± 4 kJ/mol) is consistent with the 






Figure 7.8. Effective diffusion coefficients determined via kinetic sorption (solid circles) and 




7.4.4. Transport Energetics and Comparison to O2 and H2O Transport 
 It is useful to compare the energetic parameters for carbon dioxide in PEF reported in 
this chapter to analogous data in the literature for carbon dioxide in PET. Such data are 
provided in Table 7.5, where satisfactory agreement is observed between the energetic 
parameters from the independent pressure-decay sorption and permeation methods 
reported herein. Estimates for the activation entropies of carbon dioxide diffusion in PET 



























ED = 50.0 ± 3 kJ/mol 
ED = 53.9 ± 4 kJ/mol 
(from permeation, l2/6θ) 




Table 7.5. Apparent energetic parameters corresponding to carbon dioxide transport at low 
















Permeation 23.7 ± 0.2 50.0 ± 3 -26.5 ± 3 – This work 
Sorption 20.5
b









 – [28] 
Permeation 27.6 52.3 -24.7
e
 – [45] 
Sorption – 40 ± 7
f
 – – [43] 







 41.2 -22.5 – [46] 
a: Estimated from van’t Hoff analysis of k* as determined via permeation or sorption 
measurements, unless otherwise noted. 
b: Estimated from EP = ED + ΔHS,eff 
c: Estimated from permeability data at 1 atm from Figure 1 in ref. [28] for semicrystalline PET. 
d: Estimated from Deff data at 1 atm from Figure 5 in ref. [28] for semicrystalline PET. 
e: Estimated from ΔHS,eff = EP – ED. 
f: Measured via carbon dioxide sorption in amorphous PET at high pressure. 
g: Estimated from van’t Hoff analysis of k* determined from Table 1 in ref. [27] for 
semicrystalline PET. 




 From Table 7.5, the activation energy of diffusion (ED) for carbon dioxide in PEF is 
slightly larger than the average value reported for PET (i.e., 46.2 kJ/mol). A similar trend 
was also observed for the activation energy of oxygen diffusion in PEF compared to PET 
in Chapter 6. The variability in the ED estimates for CO2 diffusion in PET reported in 
Table 7.5 likely originates from either differences in sample morphology or test method, 
since such data were not measured for PET in the current work. The notion that PEF 
exhibits larger ED’s for both penetrants compared to PET can be examined in the context 
of fundamental polymer properties based on the framework of Meares [47] and Brandt 
[48, 49], which is discussed previously in Chapter 6. The transport data for carbon 
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dioxide provided in this chapter complement prior work pertaining to oxygen (Chapter 6) 
and work pertaining to water sorption and diffusion in amorphous PEF compared to PET 
(Chapters 8 and 9, respectively). It is useful to provide an abbreviated side-by-side 
comparison of the transport parameters (i.e., permeability, diffusivity, and solubility) at 
35°C for the three relevant penetrants in PEF vs. PET, and to examine the relative 
sorption and diffusion contributions to the permeability reductions for PEF compared to 
PET. Such transport data at 35°C for carbon dioxide, oxygen, and water in amorphous 
PEF and PET are provided in Table 7.6. Recall that the water transport data reported in 
Figure 7.6 represent a small subset of the measured data, which are available over the 
entire concentration range in Chapters 8 and 9. Estimates for the activation entropies of 
oxygen, carbon dioxide, and water diffusion in PET and PEF are provided later in 
Appendix F. 
 
Table 7.6. Sorption and transport parameters at low pressure and 35°C for carbon dioxide, 
oxygen, and water in amorphous PEF and PET. All k* values reflect estimates from sorption (k* = 
kD + CH’b), and the permeability values for carbon dioxide and oxygen represent experimental 
values at 1 atm. 
 













Poly∙atm) 2.8 ± 0.7 0.094 787 ± 110 










Poly∙atm) 1.7 ± 0.3 0.102 290 ± 140 
P (Barrer) 0.49 0.114 370
d
 
a: Data for PET from Chapter 4. 
b: Data from Chapters 4 and 6. 
c: Data from Chapters 8 and 9. Diffusivity values are taken from Figure 9.8 in Chapter 9 between 
the activity interval 0.1 – 0.2. 
d: Estimated from P = Dk*, and not explicitly measured. 
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 Additional analysis of the data reported in Table 7.6 is possible through a modified 
form of the Barrier Improvement Factor (BIF) [22], which was introduced previously. 
The original definition of the BIF pertains to the permeability ratio between the base case 
material (i.e., PET) and the new material with reduced permeability (i.e., PEF). Sorption 
and diffusion-specific Barrier Improvement Factors can be defined in a similar manner to 
further illustrate the respective sorption and diffusion reductions for PEF compared to 
PET. Such factors are defined as BIFk*, equal to the ratio of k* parameters in Table 7.6 for 
PET divided by PEF, and BIFD, equal to the ratio of D values from Table 7.6 for PET 
divided by PEF. Clearly, since P = Dk* (i.e., permeability = diffusivity   solubility), the 
infinite dilution BIF based on permeability (i.e., BIFP) must equal the product of BIFk* 
and BIFD. Barrier Improvement Factors derived from the data in Table 7.6 are provided in 
Table 7.7. 
 
Table 7.7. Carbon dioxide, oxygen, and water Barrier Improvement Factors at 35°C (i.e., 
property from Table 7.6 corresponding to amorphous PET divided by the respective property 
from Table 7.6 for amorphous PEF). Data for oxygen are from Chapters 4 and 6. Data for water 
are from Chapters 8 and 9, while data for carbon dioxide in PET are from Chapter 4. 
 
BIF (PET/PEF) Carbon dioxide Oxygen Water
a
 
BIFD 31 9.7 5.6 
BIFk* 0.61 1.1 0.37 
BIFP 19 11 2.1
b
 
a: All BIF values for water reported herein were estimated over the activity interval of 0.1 – 0.2 to 
represent water transport at low concentration, while the BIF values reported in Chapters 8 and 9, 
which are similar in magnitude, are averaged over the entire activity range 0 – 1. 




 Inspection of Table 7.7 reveals BIFD values greater than unity for all three penetrants, 
thereby indicating reductions in penetrant diffusivity for PEF compared to PET. Such 
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behavior is believed to be related to the hindrance of furan ring-flipping motions in PEF 
compared to the respective phenyl ring-flipping motions in PET, as determined in our 
prior work described in Chapter 5 via solid-state NMR and dynamic mechanical methods. 
Corresponding values of BIFk* less than unity for carbon dioxide and water indicate 
increased penetrant sorption in PEF compared to PET, originating from greater 
interaction between the penetrant and the polar furan moiety in the PEF matrix compared 
to the non-polar phenyl moiety in PET. The trend in BIFk* values for the various 
penetrants (i.e., BIFk*,O2 > BIFk*,CO2 > BIFk*,H2O) correlates with the trend of increasing 
penetrant condensability as determined via the critical temperature (i.e., Tc,O2 < Tc,CO2 < 
Tc,H2O). Such a correlation of BIFk* with critical temperature is interesting, and may be 
related somehow to the more polar nature of PEF vs. PET; however, the complex nature 
of k* makes the source of such correlation unclear at this time. 
 It should also be noted that the BIFD for carbon dioxide (i.e., 31) is significantly 
larger than the respective value for oxygen (i.e., 9.7), despite both penetrants exhibiting 
similar kinetic diameters (i.e., 3.3 Å for carbon dioxide and 3.46 Å for oxygen [50]). 
Such behavior indicates that the mobility of carbon dioxide in PEF is reduced more 
significantly by the chain mobility differences and ring polarity compared to PET than 
oxygen. One possible explanation for this notion might entail a combination of 
interrelated factors. For example, it is possible that a synergistic relationship exists 
between the increase in carbon dioxide affinity for PEF and the hindered flipping motion 
of the polar furan moiety. The reduced frequency of ring-flipping in PEF undoubtedly 
reduces the frequency of free volume “reorganization” within the matrix (and hence, the 
frequency of successful diffusive jumps). The notion of a more rigid matrix for PEF vs. 
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PET can be coupled with the hypothesis that a diffusive jump in PEF likely occurs via 
some type of motion involving the polar carbonyl moieties, which are effectively 
“unhindered” in motion compared to PET, as described in Chapter 5. Diffusion of a 
carbon dioxide molecule, which can have an induced dipole, will therefore experience 
greater interaction with the polar carbonyl moieties in PEF compared to PET due to the 
hindered ring-flipping motions and increased chain rigidity. Similar to carbon dioxide, 
diffusion of the non-polar oxygen molecule in PEF will still be hindered compared to 
PET due to the hindered ring-flipping motions (hence, BIFD = 9.7). Despite this fact, the 
non-polar nature of oxygen compared to carbon dioxide results in less affinity for the 
polar carbonyl moieties, which consequently, may produce a higher diffusion coefficient 
compared to carbon dioxide. Corroboration of this notion is provided by examination of 
the BIFP values for oxygen and carbon dioxide transport in poly(ethylene isophthalate) 
(PEI) compared to PET as shown in Table 7.8. The non-symmetrical axis of ring rotation 
in PEI results in hindered ring-flipping events compared to PET [51], which is similar in 
behavior to PEF; however, the phenyl ring in PEI is non-polar compared to the furan ring 
in PEF. As seen in Table 7.8, the BIFP(CO2) for PEI is larger than the respective BIFP(O2) 
for PEI, which is the same behavior observed for CO2 and O2 in PEF. Such a large 
reduction in CO2 permeation compared to O2 for both rigid polyesters compared to PET 
can be explained using the prior reasoning that penetrant diffusion in analogously rigid 
polyesters with hindered ring-flipping motions, such as PEF and PEI, may occur via 
some type of motions involving the polar carbonyl moieties. This notion is also supported 
via CO2 exhibiting a larger apparent activation energy of diffusion in PEF compared to 
O2 (i.e., ~52.0 kJ/mol for CO2 vs. ~44.6 kJ/mol for O2), despite CO2 exhibiting a smaller 
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kinetic diameter than O2. 
 









“Polar” ring? No No Yes 
Hindered ring-flipping? No Yes Yes 





BIFP(CO2) vs. PET 1 11
b
 19 
a: From Table 6.1 in Chapter 6. 
b: From Table 7.1. 
 
 The aforementioned synergy between carbon dioxide affinity and matrix rigidity for 
PEF is partially lost for water diffusion in PEF vs. PET (i.e., BIFD = 5.6); however, a 
much smaller kinetic diameter for water (2.65 Å [50]) compared to carbon dioxide (3.3 Å 
[50]) likely explains the less “selective” nature of water vs. carbon dioxide diffusion in 
PEF compared to PET. The relatively small value of BIFD for water (i.e., 5.6), in 
combination with the BIFk* lower than unity (i.e., 0.37), results in a projected 
permeability reduction of only ~2X at low activity for PEF compared to PET. While the 
BIFP for water is lower than for carbon dioxide and oxygen, the observed reduction in 
penetrant permeability for all three penetrants still demonstrates the viability of PEF as an 
attractive replacement for PET. 
 
7.5. Summary and Conclusions 
 Independent permeation and pressure-decay sorption data corresponding to carbon 
dioxide transport in amorphous poly(ethylene furanoate) (PEF) were measured at 
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multiple temperatures and shown to be internally consistent. Surprisingly large reductions 
in both carbon dioxide permeability (19X) and diffusivity (31X) were observed at 1 atm 
when compared to the respective properties for carbon dioxide in amorphous PET, 
despite both an increase in free volume and carbon dioxide solubility of 1.6X for PEF vs. 
PET. It appears that this effect may reflect greater carbon dioxide interaction with the 
PEF matrix as compared to the case for oxygen. Such behavior indicates the importance 
of reduced chain mobility for PEF vs. PET in determining the overall carbon dioxide 
transport properties. Transport energetic parameters (i.e., apparent enthalpy of sorption, 
apparent activation energies of permeation and diffusion) were determined for carbon 
dioxide in amorphous PEF, thereby allowing parameter estimation for a wide range of 
temperatures in the glassy state.  
 In combination with penetrant transport data from Chapters 4, 6, 8, and 9, a side-by-
side comparison was made between the relative sorption and diffusion contributions to 
the reduction in permeability for carbon dioxide, oxygen, and water in amorphous PEF 
compared to PET. The reductions for carbon dioxide diffusion (31X) in PEF compared to 
PET were significantly larger than the respective diffusion reductions for oxygen (9.7X) 
and water (5.6X), while both carbon dioxide and water were found to exhibit increased 
solubility in PEF, possibly due in part to greater affinity for the polar furan moiety. The 
surprisingly large magnitude of BIFD for carbon dioxide (31X) is believed to occur 
through a synergistic relationship between the carbon dioxide affinity for the polar 
moieties in PEF and the relative hindrance of ring-flipping motions compared to the 
respective properties for PET. Such synergy is partially lost for water diffusion in PEF 
compared to PET, since a much smaller kinetic diameter compared to carbon dioxide 
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renders PEF less “selective.” 
 The current chapter investigates carbon dioxide transport in only the amorphous 
morphology for PEF; however, estimates for transport in semicrystalline PEF (i.e., 
permeability, solubility, and diffusivity) can be determined from the idealized two-phase 
model of crystallinity [38, 45]. Additional studies involving transport in semicrystalline 
PEF are needed to verify the applicability of the two-phase model for PEF, since transport 
estimates for semicrystalline PET are known to deviate slightly from such ideal behavior 
[52]. Furthermore, the current work can serve as a starting point for future transport 
studies involving orientation and crystallinity, since comparisons to the amorphous 
morphology are undoubtedly required. As mentioned previously, this chapter provides the 
first transport data for carbon dioxide in PEF, and in combination with Chapters 6, 8, and 
9, illustrates the impressive barrier performance of PEF and viability as a potential 
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 In Chapter 7, limited water sorption data at low concentrations for both PET and PEF 
were discussed in comparison to oxygen and carbon dioxide sorption. This chapter 
focuses solely on the equilibrium water uptake properties in both polyesters at 35°C over 
the entire water activity range. PEF exhibits a largely increased equilibrium water 
sorption capacity of ~1.8X averaged over the entire concentration range compared to 
PET, resulting from substitution of the non-polar phenyl ring in PET with the polar furan 
ring in PEF. Both polyesters exhibit dual-mode sorption up to ~0.6 activity, after which 
the onset of plasticization produces a noticeable upturn in concentration vs. activity for 
both polyesters. Excellent agreement was observed between three independent sorption 
measurement techniques, thereby providing a consistency check for the reported data. 
Sorption measurements performed at 15, 25, 35, and 45°C also allowed estimation of the 
effective enthalpy of water sorption for both polyesters, which were similar to the 
enthalpy of condensation for pure water. Diffusion coefficient data complementary to the 
data reported in this chapter are provided in Chapter 9. 
 
8.1. Introduction 
 Understanding the sorption and transport behavior of water in polymeric materials is 
important for barrier applications involving contact with liquid water and high activity 
                                                 
1
Reprinted in part from Polymer, 55/26, Burgess, S.K.; Mikkilineni, D.S.; Yu, D.B.; Kim, D.J.; Mubarak, 
C.R.; Kriegel, R.M.; Koros, W.J., Water Sorption in Poly(ethylene furanoate) Compared to Poly(ethylene 
Terephthalate). Part 1: Equilibrium Sorption, 6861-6869, Copyright 2014, with permission from Elsevier. 
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water vapor. Moisture can have significant detrimental effects on mechanical, thermal, 
and barrier properties of such polymers [1-4], due primarily to swelling and plasticization 
of the matrix. Recent advancements have enabled cost-effective production of 
poly(ethylene furanoate) (PEF), a new biologically sourced polyester showing enhanced 
performance compared to petroleum-based PET [5]. Currently, very limited data exist in 
the literature regarding the water sorption properties of PEF compared to PET; however, 
detailed understanding of these properties is needed before PEF can be integrated into the 
global polyester market.  
 The current chapter provides a detailed investigation of the equilibrium water 
sorption properties in amorphous PEF and PET at 35°C via three different gravimetric 
techniques, while complementary kinetic sorption data are provided in Chapter 9. 
Compared to PET, PEF exhibits a 1.8X higher water sorption capacity averaged over the 
entire water activity range. Increased water uptake for PEF reflects the substitution of the 
non-polar phenyl ring in PET with the polar furan ring in PEF, and also occurs in part 
from the higher free volume in PEF compared to PET discussed in Chapter 5 [6]. Related 
observations were made by Rueda et al. [7, 8] for water solubility in poly(ethylene 
naphthalate) (PEN), where the authors explained increased water uptake for PEN 
compared to PET based on respective differences in free volume. 
 Both polyesters in the current chapter exhibit so-called “dual-mode sorption” 
reflected by concavity in the isotherms up to ~0.6 activity, after which distinct upturns 
occurred at high water activity. Morphological changes induced at high activity are 
indicated for both polyesters via distinct sorption hysteresis during desorption. These 
hysteretic responses correlate with the presence of non-Fickian relaxations during 
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sorption at high activity described in Chapter 9. Excellent agreement is observed in 
sorption values over the entire water activity range for all three independent methods, 
thereby providing internal consistency for the reported data. Additional measurements 
performed at different temperatures allowed calculation of the enthalpy of water sorption 
for both polyesters, which can be combined with the diffusion activation energy 
presented in Chapter 9 to estimate values for the activation energy of water permeation 
for both polyesters. The current chapter, in combination with the kinetic sorption 
counterpart, presents the first in-depth study of water transport in PEF.  
 
8.2. Experimental Methods 
8.2.1. Materials and Film Preparation 
 The poly(ethylene furanoate) (PEF) and poly(ethylene terephthalate) (PET) polymers 
used in this chapter are the same materials described previously in Section 3.1.1, and all 
amorphous films were melt-pressed using the method in Section 3.1.3. All transport 
measurements reported herein for PEF and PET reflect data corresponding to the 
amorphous morphology.  
 
8.2.2. Sorption Measurements 
 Gravimetric water sorption uptake measurements were recorded for amorphous PEF 
and PET at 35°C using three independent and complementary techniques, which are 





8.3. Results and Discussion 
8.3.1. Initial Sorption at 35°C 
 Vapor sorption in glassy polymers is often characterized by dual-mode sorption at low 
activities, and can be described by the dual-mode model [9] in Equation 8.1, which is 
discussed in-depth in Chapter 2. Such data exhibit concavity in concentration with 
respect to penetrant pressure, and resemble the dual-mode sorption behavior for non-











 (8.1)  
 
 Water sorption data at 35°C are plotted in Figure 8.1 up to 0.6 activity for PEF 
(diamonds) and PET (circles), and reflect data measured from both the VTI system (solid 
points) and the quartz spring system (hollow points). Dual-mode model fits from 
Equation 8.1 are plotted via the solid lines in Figure 8.1, and the corresponding model 
parameters are listed in Table 8.1. Excellent agreement between data measured from the 
two independent sorption methodologies provides a consistency check for the reported 
data. Noticeable deviation from dual-mode behavior was observed after 0.6 activity, and 





Figure 8.1. Initial equilibrium water sorption values for water at 35°C in PEF (diamonds) and 
PET (circles). Solid data points represent measurements from the automated VTI system, while 
hollow points represent measurements from the quartz spring (QS) apparatus. 
 
 
Table 8.1. Dual-mode parameters from Equation 8.1 for water sorption and subsequent 
desorption in PEF and PET at 35°C. The uncertainty limits represent the standard error as 
determined from the curve fitting program. Parameters for desorption are described in Section 















(0 – 0.6) 
PEF 354 ± 7 141 ± 30 3.07 ± 0.4 787 ± 110 
PET 237 ± 16 88.7 ± 180 0.599 ± 0.9 290 ± 140 
 
Desorption 
(0.95 – 0) 
PEF 421 ± 25 141
a
 5.82 ± 1.7 1240 ± 297 
PET 274 ± 7 88.7
a
 1.62 ± 0.6 418 ± 297 
a: The value of b from sorption was fixed in the determination of desorption parameters. 
 
 The sorption values reported in Figure 8.1 for water in amorphous PET exhibit 
excellent agreement with the results from various studies in the literature on amorphous 
PET [1, 7, 12]. Water sorption results from semicrystalline PET can be compared to the 
current amorphous data via the relationship S = SaXa validated by Lasoski and Cobbs 
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[13], where S represents the sorption coefficient for the penetrant in the semicrystalline 
material (analogous to kD from Equation 8.1), Sa represents the sorption coefficient for 
the penetrant in the completely amorphous material, and Xa represents the amorphous 
fraction of the polymer (i.e., subscript “a” denotes “amorphous”). Comparisons 
performed in this manner reveal that the data for amorphous PET in Figure 8.1 are 
slightly lower than the normalized semicrystalline data from various studies [14, 15]. 
This behavior can be rationalized by the likelihood of increased sorption in the less 
densified rigid amorphous fraction surrounding the immediate vicinity of the crystallites 
in the semicrystalline samples [16]. However, the current study only investigates water 
sorption in completely amorphous PEF and PET, and as a result, future studies on 
sorption in semicrystalline materials are needed to verify this notion. 
 The Langmuir affinity parameter (b) value of 88.7 atm
-1
 for water in amorphous PET 
reported in Table 8.1 agrees well with the value of 94.6 atm
-1
 reported by Shigetomi et al. 
[15] for water in semicrystalline PET. This result is expected, since the impermeable 
crystallites should ideally not affect the thermodynamic interaction between the penetrant 
and polymer sites within the amorphous domain [9]. The kD and CH’ parameters for the 
semicrystalline sample, however, will be affected by the presence of crystallinity [9]. A 
value of 237 ccSTP/ccPoly∙atm for kD in the present study (Table 8.1) is similar in 
magnitude to the amorphous value of 285 ccSTP/ccPoly∙atm by Fukuda et al. [12] and 
the normalized semicrystalline value of 284 ccSTP/ccPoly∙atm from Shigetomi et al. 
[15]. In contrast to b and kD, the value of CH’ in the current study differs significantly 
from the value of 2.58 ccSTP/ccPoly reported by Shigetomi et al. [15]. This difference 
can be explained by potential variations in either sample processing [17], prior thermal 
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history, or from differences in crystallinity [9].  
 Figure 8.1 reveals that water is noticeably more sorptive in PEF compared to PET. 
This result can be interpreted via the dual-mode parameters listed in Table 8.1, which 
show a larger kD for PEF compared to PET. The interaction parameter (b) for PEF is also 
significantly larger than the value for PET, thus indicating a stronger interaction between 
water and the polymer matrix. This behavior is expected, especially when considering the 
polar nature of the furan ring in PEF compared to the non-polar phenyl ring in PET. 
Values of b for water in both polyesters are also significantly larger than the respective 
values for oxygen and carbon dioxide reported in Chapters 6 and 7, respectively, which is 
attributable to large differences in critical temperature and the Lennard-Jones force 
constant for the three penetrants [18]. Aside from kD and b, a larger CH’ is observed for 
PEF compared to PET and likely originates from the larger fractional free volume (FFV) 
for PEF, which was reported previously in Chapter 5. 
 High activity vapor sorption in glassy polymers is often characterized by an upturn in 
solubility with respect to activity [17-21], which can be described using the Flory-








ln ln 1 1
p
p
   
 
     
 


















   
2
0 1 1 2 11 1           (8.4)  
 
 Water sorption data for both polyesters are provided over the entire activity range in 




Poly) and in Figure 8.3 via units of 
wt% (g H2O/g Poly), along with the Flory-Huggins fit from Equation 8.2 coupled with a 
concentration-dependent interaction parameter. A graph of the Flory-Huggins interaction 
parameter vs. volume fraction water is provided in Figure 8.4, with model parameters 
from Equation 8.4 for PEF as follows: χ0 = -2273 ± 157, χ1 = 4623 ± 318, and χ2 = -2347 
± 161. Corresponding model parameters for PET are: χ0 = -3373 ± 277, χ1 = 6800 ± 558, 
and χ2 = -3424 ± 281. The solid points in Figures 8.2 and 8.3 represent data measured via 
the automated VTI sorption system, while the hollow points represent data measured in 
liquid water. The data point for equilibrium sorption at unit activity for PEF in Figure 8.3 
is in agreement with the value reported by Matos et al. [22]. 
 As mentioned previously in Chapter 3 (cf. Section 3.4.2), the solid data points in 
Figures 8.2 and 8.3 measured between 0.7 – 0.95 activity from the automated VTI system 
are slightly lower than the true equilibrium values due to the presence of long-term non-
Fickian relaxations at high activity [23]. Similar termination of sorption before achieving 
true equilibrium was also done by Berens, who noted that determination of the true 
equilibrium sorption isotherm at high activity “would be excessively time-consuming” 
[24]. The differences between the equilibrium values reported in Figures 8.2 and 8.3 
between 0.7 – 0.95 activity and the true equilibrium values are minor (estimated to be 
<10%), due to small “extra” relaxation-induced uptake associated with the non-Fickian 
relaxations [23]. Further verification of this notion is provided by excellent agreement of 
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the data in Figures 8.2 and 8.3 (solid points) with the data recorded at unit activity and 
true equilibrium (hollow points) measured via the independent and complementary liquid 
water method.   
 
 
Figure 8.2. Equilibrium sorption values for water at 35°C in PEF (diamonds) and PET (circles) at 
35°C during the first sorption cycle. Solid data points represent measurements from the 
automated VTI system, while hollow points at unit activity represent gravimetric sorption data 






































Figure 8.3. Equilibrium sorption values for water at 35°C in PEF (diamonds) and PET (circles) at 
35°C during the first sorption cycle. Solid data points represent measurements from the 
automated VTI system, while hollow points at unit activity represent gravimetric sorption data 
measured in liquid water (LW). 
 
 
Figure 8.4. Interaction parameters for water at 35°C in PEF (diamonds) and PET (circles) at 
35°C. Solid data points represent measurements from the automated VTI system, while hollow 
points represent gravimetric sorption data measured in liquid water (LW). Lines represent model 
fits from Equation 8.4.  
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 From Figure 8.2, it is apparent that the water uptake data in both PEF and PET exhibit 
an upturn in concentration at high activity and that the Flory-Huggins model coupled 
with a concentration-dependent χ interaction parameter accurately describes the data. A 
distinct sorption upturn at high activity for PET has also been reported for both 
amorphous [12] and semicrystalline PET samples [14, 25], however, the degree of upturn 
in the semicrystalline samples is less significant than in the current work due to the 
presence of impermeable crystallites acting to stabilize the matrix against swelling. 
Additional studies have reported linear sorption isotherms for both amorphous [1, 26] and 
semicrystalline PET [27], which contrasts to the trend observed in the current work. The 
water sorption value for PET measured in liquid water (hollow circle in Figure 8.3) 
agrees well with the normalized semicrystalline value reported by Park [28] using a 
similar measurement methodology. Deviations from dual-mode equilibrium behavior 
above 0.6 activity correlate with the onset of non-Fickian kinetic relaxations observed in 
Figures 9.4 and 9.5 of Chapter 9 for both polyesters [23]. 
 Similar to PET, PEF also exhibits a distinct upturn in concentration at high activities 
as seen in Figures 8.2 and 8.3. As mentioned previously, higher water sorption in PEF 
compared to PET is expected to be due to the increased polarity of the furan ring 
compared to the non-polar phenyl ring in PET. The upturn for both polyesters signifies 
the presence of either water clustering, plasticization, or both, and will be discussed in the 
next section. 
 
8.3.2.  Clustering vs. plasticization 
 A positive deviation from dual-mode or Henry’s law sorption at high vapor activities 
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can indicate simple swelling or clustering, where the latter case reflects the nonrandom 
distribution of a penetrant within the polymer matrix [29, 30]. Plasticization is indicated 
when the upturn in solubility accompanies a simultaneous increase in diffusion 
coefficient, thus giving evidence for increased segmental mobility. Alternatively, 
clustering is indicated when the upturn in solubility accompanies a decrease in diffusion 
coefficient, which results from an increase in the effective diameter of the diffusing water 
(i.e., water molecules cluster together) [31]. Permeation experiments can also be used to 
differentiate between the two phenomena, as plasticization yields an increase in 
permeability at high activity while clustering exhibits a more or less constant 
permeability with increasing activity. Both plasticization [30, 32-34] and clustering [19, 
29, 31, 35-39] phenomena have been reported for a wide range of penetrants and 
polymers.  
 Besides clustering, penetrant plasticization in glassy polymers is quite common. 
Numerous studies have focused on carbon dioxide-induced dilation and plasticization in 
polymer membranes [40-48], since such behavior can compromise the separation 
efficiency of the membrane. Several recent studies have examined related plasticizing 
effects via various computer modeling techniques [49-52]. Using molecular dynamics 
simulations, Neyertz and Brown determined that the free volume within a polyimide 
increased with carbon dioxide–induced swelling [52]. A further study by the same authors 
examined both para- and meta-substituted polyimide isomers, and concluded that the 
swelling behavior upon carbon dioxide sorption resulted from localized relaxations in the 
respective matrices rather than larger structural changes [53]. Aside from carbon dioxide, 
which typically plasticizes glassy polymers at relatively high pressures [54], water and 
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organic vapors are also prone to induce plasticization effects in various polymers as 
evidenced by sorption hysteresis due to increased condensability and interactions with the 
matrix [17, 30, 32, 33, 39, 55].  
 The onset of clustering or plasticization can be qualitatively assessed using the 
analysis proposed by Zimm and Lundberg [56] in Equation 8.5, which is discussed 
further in Chapter 2 (cf. Section 2.3.5). Application of Equation 8.5 to the sorption data 
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Figure 8.5. The onset of clustering/plasticization is realized when the quantity 1 11 1 G V  is 
greater than zero. 
 
 
 From Figure 8.5, it is evident that the onset of either clustering or plasticization 
occurs at an activity of ~0.6 for both polyesters. Caution should be emphasized regarding 
the physical interpretation of Figure 8.5 as definite proof for the presence of clustering, as 
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some authors have found notable differences between the results from this methodology 
and other techniques, such as FTIR spectroscopy [38]. Analysis of the diffusion 
coefficient behavior vs. activity for both PEF and PET can help distinguish between 
clustering and plasticization. Detailed kinetic data reported in Chapter 9 reveal that both 
PEF and PET exhibit increasing diffusion coefficients with increasing concentration over 
the entire activity interval, which is consistent with the notion of plasticization [23]. 
However, as noted above, it is still a possibility that both clustering and plasticization 
could be occurring simultaneously. 
 Additional differentiation between the clustering and plasticization phenomena can be 
obtained by examining the permeability vs. activity dependence for both polyesters [35]. 
While not measured in this work, various researchers have reported both an activity 
independent permeability [27] and a slight increase in permeability at high activity for 
semicrystalline PET [25, 57]. The latter behavior is consistent with increased chain 
mobility resulting from the onset of plasticization in the amorphous environment at high 
activity; however, the presence of impermeable crystallites may dampen the magnitude of 
the permeability increase due to reduction of the amorphous fraction which is available 
for plasticization. Regardless, the permeability increase resulting from plasticization in 
amorphous PET is not expected to be large due to the minor positive correlation between 
diffusion coefficient and activity reported in Chapter 9. Currently, to our knowledge, 
there exists no literature report on the water permeability in PEF vs. activity. The 
diffusion coefficient for water in PEF slightly increases with increasing activity, thereby 
suggesting the possibility of plasticization. However, independent permeability 




 Agreement between solubility coefficients obtained from both permeation time-lags 
and independent sorption measurements can also indicate the absence of clustering [29], 
since the entirety of the sorbed penetrant population contributes to the permeation 
process. Such agreement has been observed for semicrystalline PET by multiple 
researchers [25, 27], and thus corroborates the evidence that plasticization occurs in PET 
at high activity.  
 
8.3.3. Hysteresis 
 Sorption hysteresis occurs when the penetrant sorption and subsequent desorption 
cycles do not superimpose, and can occur in a wide variety of penetrant-material 
combinations [58-60]. Various authors have linked hysteretic behavior to swelling of the 
polymer matrix, where the chains relax to incorporate the extra penetrant at high 
concentrations [17, 24, 61-63]. Time-dependent non-Fickian relaxations induced by this 
swelling have been directly observed in Chapter 9 at high water vapor activities (cf. 
Figures 9.4 and 9.5).  
 Water uptake in both PEF and PET in the current study exhibited distinct hysteresis 
between sorption and subsequent desorption cycles. This behavior correlates with the 
upturn in concentration vs. activity for both polyesters in Figure 8.2 and the presence of 
non-Fickian relaxations at high activities in Chapter 9. Initial sorption/desorption data 
measured using the automated VTI instrument up to 0.95 activity for PEF and PET at 
35°C are provided in Figures 8.6 and 8.7, respectively, where the solid circles represent 
sorption and the hollow circles represent subsequent desorption. The samples were dried 
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at 45°C after completion of the first cycle, and followed by a second sorption/desorption 
cycle, which consisted of fewer data points (filled and hollow triangles for the second 




Figure 8.6. Sorption hysteresis at 35°C for PEF recorded using the automated VTI sorption 
system. Filled and hollow circles represent the initial sorption and desorption cycle, respectively, 
while filled and hollow triangles represent the second sorption and desorption cycle, respectively. 







































Figure 8.7. Sorption hysteresis at 35°C for PET recorded using the automated VTI sorption 
system. Filled and hollow circles represent the initial sorption and desorption cycle, respectively, 
while filled and hollow triangles represent the second sorption and desorption cycle, respectively. 
Lines are drawn to aid the eye and do not represent model fits.  
 
 
 Dual-mode model parameters for both sorption (from 0 – 0.6 activity) and desorption 
data (from 0.95 – 0 activity) are provided in Table 8.1 for both polyesters. The Langmuir 
affinity parameter (b) is associated with the thermodynamic polymer/penetrant 
interactions, and is not ideally expected to change during the sorption process. 
Consequently, values of b obtained from the initial sorption isotherms were fixed when 
calculating the model parameters for desorption. Inspection of the parameters in Table 8.1 
reveals that both kD and CH’ for desorption are larger when compared to the respective 
sorption values for both polyesters. Such behavior can be understood as reflecting 
morphological changes in the glassy matrix resulting from swelling. Larger values of CH’ 
are consistent with an increase in either number and/or approximate size of the Langmuir 
microvoids, and as a result, represent an increase in free volume in the swollen samples. 
The increased water sorption capacity is readily observed by the upturn in concentration 
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vs. activity in Figure 8.2. Quantitative interpretation of the classic dual-mode parameters 
for sorption and subsequent hysteretic desorption suggest that the glass has been 
conditioned to a different non-equilibrium state before and after exposure to the 
maximum conditioning activity. As a result, the dual-mode parameters for desorption 
should be considered approximate, and are included in Table 8.1 for completeness. 
 The desorption trajectory and degree of hysteresis for both polyesters is directly 
related to the maximum value obtained during initial sorption, as observed in the 
acetonitrile/cellulose acetate system in other works [61, 62]. Hysteresis is not expected to 
occur appreciably in the water/polyester systems for initial sorption values up to ~0.6 
activity, which marks the transition between dual-mode and plasticization behavior (cf. 
Figure 8.5). The presence of simple Fickian diffusion up to ~0.6 activity corroborates this 
notion, as observed in Figures 9.4 and 9.5 from Chapter 9. 
 A second sorption/desorption cycle using larger sorption intervals was performed 
after drying both polyesters at 45°C to investigate the permanence of the morphological 
changes. Resorption values in both polyesters at 0.3 and 0.6 activity (solid triangles in 
Figures 8.6 and 8.7) exhibit an increase in sorption capacity when compared to the initial 
sorption isotherm (solid circles), which is consistent with sorption in the increased free 
volume in the conditioned samples compared to the virgin samples. These results also 
suggest that the timescale of free volume collapse is slower than the experimental 
sorption experiments, thereby corroborating the observation of predominantly Fickian 
kinetics over the entire activity range during desorption (cf. Figures 9.4 and 9.5 in 
Chapter 9). The resorption data points are slightly reduced when compared to the initial 
desorption isotherms (hollow circles). Such behavior suggests that the morphological 
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changes induced during swelling of the glassy matrix at high activity are only semi-
permanent and that deswelling is indeed occurring. Resorption values at 0.95 activity for 
both polyesters (solid triangles) are approximately equal to the initial sorption values at 
0.95 activity (solid circles), and the subsequent desorption values for both cycles (hollow 
circles, hollow triangles) are satisfyingly similar. These results corroborate the notion that 
the desorption trajectory is dependent on the maximum sorption level achieved. Similar 
hysteretic behavior to that observed in the current work (Figures 8.6 and 8.7) has been 
reported for multiple polymer/penetrant systems [24, 30, 32, 33, 55]. 
 A recent study by Visser and Wessling [64] illustrates the importance of volume 
dilation in determining the onset of sorption-induced relaxations in Matrimid polyimide. 
The authors show how any gas, even relatively inert gases such as Krypton, can cause 
non-Fickian sorption relaxations above a threshold volume dilation. Equation 8.6 can be 
used to estimate the swelling (volume change, ΔV) of a polymer sample based on the 
change in sample thickness (l) [62, 65], with the assumption that the sample is an 
isotropic medium. In Equation 8.6, V0 and l0 represent the volume and thickness of the 
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 Calculation of swelling data via Equation 8.6 was only possible using the thick 
samples from sorption testing in liquid water. Thickness values were measured on both 
dry samples prior to sorption testing, and again after sorption equilibrium was achieved. 
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Values for the percent change in thickness and volume change are provided in Table 8.2 
for both PEF and PET, along with the final concentration of water at unit activity. At least 
four different samples were measured for both PEF and PET, and the uncertainty limits 
originate from the standard error. In the context of Visser and Wessling [64], a threshold 
dilation of ~1.2% was found for the onset of non-Fickian relaxations for various gases in 
Matrimid. This threshold value will vary for different polymers; however, the swelling 
values for PEF and PET at unit activity in Table 8.2 are undoubtedly above the respective 
unknown threshold limits. The swelling data reported in Table 8.2 also allows calculation 
of the partial molar volume for water in both polyesters, denoted by V , via Equation 8.7 
[44]. 
 
Table 8.2. Swelling values for amorphous PEF and PET at 35°C in liquid water calculated from 
Equation 8.6. 
 










PEF 33.4 ± 0.1 1.3 ± 0.3 4.1 ± 0.8 
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 (8.7)  
 
 Values of V obtained for PEF and PET are 27.5 ± 5.6 cm3/mol and 26.9 ± 6.3 
cm
3





/mol). Such seemingly anomalous behavior can be explained by three 
possibilities: 1) that plasticization at high activity in the polymer matrix is creating extra 
free volume which, in fact, is unoccupied by water molecules, thus resulting in a 
disproportionate volume change for the polymer/water “mixture” compared to the true 
amount of water added in the system, 2) the thickness measurements are not accurate 
enough to estimate the true values of  V , or 3) the assumption of an isotropic medium for 
both polyesters is inaccurate. Due to the large uncertainty limits reported in the values of 
V  for both polyesters, it is believed that option 2 likely reflects reality. Consequently, 
ellipsometry or other techniques more suited to performing dilation measurements should 
be used to verify the data reported in Table 8.2 for both polyesters.  
 
8.3.4. Apparent Enthalpy of Sorption 
 In addition to the equilibrium sorption measurements at 35°C, uptake values were 
also measured at 0.2 activity and 15, 25, and 45°C for water in both polyesters. Kinetic 
uptake data between 0.1 – 0.2 activity are discussed in Chapter 9, which also reports 
estimates for the apparent activation energy of diffusion and apparent activation energy of 
permeation for water at low activity in PEF and PET. Measurements were recorded at 0.2 
activity on virgin films to ensure dual-mode behavior applied and to avoid the upturn in 
concentration observed in Figure 8.2 at high activity. The van’t Hoff relationship in 
Equation 2.6 (discussed previously) can describe the temperature dependence of the 
equilibrium uptake data. Uptake data at 0.2 activity and 15, 25, 35, and 45°C are plotted 
in Figure 8.8 for PEF (diamonds) and PET (circles), where the lines represent the 
respective model fit from Equation 2.6. The uncertainty limits for the ΔHS values 
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depicted in Figure 8.8 originate from the standard error of the model fit. 
 
 
Figure 8.8. Semi-logarithmic van’t Hoff plot of water sorption at 0.2 activity in amorphous PEF 
(filled diamonds) and amorphous PET (hollow circles). Lines represent the van’t Hoff 
representation from Equation 2.6. 
 
 
 The data in Figure 8.8 exhibit excellent linearity for both polyesters, and produce 
estimates of ΔHS which are quite similar in magnitude to the enthalpy of condensation for 
pure water [66]. Such behavior is expected, and indicates that the overall enthalpy of 
sorption is dominated by the exothermic contribution from the enthalpy of condensation 
[37]. The remaining contribution from the enthalpy of mixing is therefore rationalized to 
be small. Values of ΔHS for water in PET from the literature are sparse and variable [15, 
28, 67], while no additional data exist in the literature for PEF. Values of ΔHS can be 
estimated from the Hildebrand equation [68]; however, predictions which utilize the 
solubility parameter for water are not recommended due to the likelihood of non-ideal 
behavior [69]. The value of ΔHS for water sorption in PEF is apparently slightly more 
























ΔHS = -47.0 ± 0.6 kJ/mol 
PEF 
ΔHS = -47.5 ± 0.6 kJ/mol 
a = 0.2 
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additional interaction between water and the polar furan ring in PEF vs. the non-polar 
phenyl ring in PET; however, the uncertainty limits in ΔHS render the estimates 
statistically identical and additional measurements need to be performed to verify this 
notion. 
 
8.4. Summary and Conclusions 
 The current chapter examines the equilibrium water uptake properties of amorphous 
PEF and PET at 35°C over the entire water activity range, with the corresponding kinetic 
uptake data discussed in Chapter 9. Water sorption values were measured using the 
following activity ranges and techniques: 1) 0 – 0.6 activity with the McBain quartz 
spring technique, 2) 0 – 0.95 activity with the automated TA VTI-SA+ sorption apparatus, 
and 3) at unit activity using samples immersed in liquid water, with the water uptake 
determined using a microgram balance. A consistency check was provided through 
excellent agreement in the uptake data measured from all three independent methods. 
 PEF exhibits higher equilibrium water uptake compared to PET over the entire 
activity range. This behavior is attributed to the higher affinity between water and the 
polar furan ring vs. the non-polar phenyl ring in PET. A lower average value of the Flory-
Huggins interaction parameter (χ) for PEF compared to PET also indicates a higher 
degree of compatibility between water and PEF. Dual-mode sorption behavior was 
observed at low water activity, and an upturn in the water sorption isotherm was analyzed 
and not found to be primarily due to clustering above 0.6 activity for either of the 
polyesters. Verification of penetrant plasticization at high activity is provided in Chapter 
9, and is evidenced by the positive correlation between diffusion coefficients and 
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increasing activity for both polymers. Further verification between either plasticization or 
clustering behavior will require permeation experiments at high activity, which were not 
conducted in these studies. Additional complementary data and related discussions 
regarding the kinetic uptake analogy of the current work are provided in Chapter 9.  
 The current chapter, in combination with Chapter 9, presents the first detailed report 
of water sorption in PEF compared to PET. Such information can assist in advancing the 
large-scale commercialization of PEF for a variety of markets. Information regarding the 
effect of water at unit activity on the resultant thermal and mechanical properties of both 
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 Complementary to Chapter 8, which examined the equilibrium water sorption 
properties for PEF and PET at 35°C, this chapter investigates the corresponding diffusion 
coefficient behavior over the entire water activity range. PEF was found to exhibit a ~5X 
reduction in diffusion coefficient averaged over the entire concentration interval 
compared to PET. Fickian diffusion was observed for water in both polyesters up to ~0.6 
activity, after which the presence of non-Fickian relaxations required treatment using the 
Berens-Hopfenberg modeling framework. Penetrant plasticization at high activity was 
found for both PEF and PET, as evidenced by a positive correlation between diffusion 
coefficient and increasing water concentration. Arrhenius interpretation of diffusion 
coefficients measured at 15, 25, 35, and 45°C allowed calculation of the activation 
energies of diffusion for PEF and PET, which were similar at 47.1 ± 2.8 kJ/mol and 46.4 
± 3.0 kJ/mol, respectively.  
 
9.1. Introduction 
Studies involving water transport in polymeric materials are important, since most 
polymers will realistically encounter humid environments at some point during their 
usable lifetime. Such transport data are particularly important for materials which will be 
in direct contact with liquid water, since water at unit activity can cause undesirable 
plasticization and swelling effects in a wide variety of polymers [1-4].  
                                                 
1
Reprinted in part from Polymer, 55/26, Burgess, S.K.; Mikkilineni, D.S.; Yu, D.B.; Kim, D.J.; Mubarak, 
C.R.; Kriegel, R.M.; Koros, W.J., Water Sorption in Poly(ethylene furanoate) Compared to Poly(ethylene 
Terephthalate). Part 2: Kinetic Sorption, 6870-6882, Copyright 2014, with permission from Elsevier. 
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Recent innovation by Avantium (The Netherlands) has enabled economical, large-
scale production of 2,5-furandicarboxylic acid (FDCA), which is one of two monomers 
needed to manufacture poly(ethylene furanoate) (PEF). Integration of PEF into the global 
polyester market is desirable, due to renewable sourcing of the monomers and the largely 
improved barrier, mechanical, and thermal properties compared to PET [5]. Multiple 
studies have focused on various aspects of PEF synthesis and/or material property 
characterization [6-11], however, no data exist in the literature regarding the fundamental 
water transport properties. Applications of PEF in the beverage and food packaging 
industry involve high humidity environments, and knowledge of the water transport 
properties at ambient temperature is therefore required for accurate shelf-life predictions.  
 In comparison to PET, the current study indicates that PEF exhibits ~5X reduced 
water diffusion coefficients averaged over the entire concentration interval. This 
reduction is attributed to fundamental differences in segmental mobility, which originate 
from the rigid furan moiety in PEF compared to the mobile phenyl moiety in PET (cf. 
Chapter 5). The results from the current chapter can be compared to the diffusion of 
water in poly(ethylene naphthalate) (PEN), which exhibits somewhat analogous rigidity 
to PEF due to hindered flipping of the bulky naphthalene moiety [12]. Rueda and 
Varkalis report a ~3.2X reduction in diffusion coefficient for PEN compared to PET, 
where both polymers are amorphous and in the hydrated state [13]. Interestingly, the 
authors also report a higher equilibrium sorption in PEN compared to PET due to 
differences in free volume [13, 14], although the disparity in equilibrium uptake is not as 




 This chapter presents a detailed kinetic investigation of water diffusion in amorphous 
PEF and PET, and complements prior work regarding equilibrium sorption properties for 
water (Chapter 8), carbon dioxide transport (Chapter 7), oxygen transport (Chapter 6), 
and fundamental segmental chain mobility (Chapter 5). Similar to Chapter 8, gravimetric 
sorption experiments were performed using three independent techniques, thereby 
allowing verification of the reported diffusion coefficients. Concentration dependent 
diffusion coefficients are presented for amorphous PEF and PET at 35°C over the entire 
water activity range, and exhibit plasticization type behavior as evidenced by the positive 
correlation with increasing activity. The presence of non-Fickian relaxations at high 
activity is consistent with this notion, as is the sorption/desorption hysteresis observed for 
both polyesters reported in Chapter 8. Additional measurements of the activation energy 
of diffusion can be combined with the enthalpy of sorption measurements provided in 
Chapter 8, thereby allowing a means to estimate the apparent activation energy of water 
permeation in both polyesters. Similar calculations involving the diffusivity and 
solubility reveal a reduction in permeability of ~2.8X averaged across the entire 
concentration interval for PEF compared to PET, which is consistent with the reduction 
of ~2X for PEF vs. PET reported by Avantium [15]. 
 
9.2. Experimental Methods 
9.2.1. Materials and Film Preparation 
 The poly(ethylene furanoate) (PEF) and poly(ethylene terephthalate) (PET) polymers 
used in this chapter are the same materials described previously in Section 3.1.1, and all 
amorphous films were melt-pressed using the method in Section 3.1.3. All transport 
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measurements reported herein for PEF and PET reflect data corresponding to the 
amorphous morphology. 
 
9.2.2. Sorption Measurements 
 Gravimetric water sorption uptake measurements were recorded for amorphous PEF 
and PET at 35°C using three independent and complementary techniques, which are 
described in detail in Chapter 3 (cf. Section 3.4). 
 
9.3. Results and discussion 
9.3.1. Diffusion Model Development 
 As described in Chapter 3 (cf. Section 3.4.4), the raw gravimetric water uptake data 
vs. time can be transformed via Equation 9.1 into a non-dimensional form that can be 













 (9.1)  
 
 The Fickian solution discussed previously in Equation 2.47 accurately describes the 
kinetic sorption behavior of relatively non-condensable gases in polymer materials (i.e., 
O2 in PEF [16]) and some vapors at low activity [17, 18], consistent with the validity of 
the boundary and initial conditions in these applications. Equation 2.47 can also describe 
the water sorption data measured by the quartz spring system in the current work (cf. 
Figure 9.1, discussed later in the document). Since D  from Equation 2.47 naturally 
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represents the average “effective” diffusion coefficient over the specified concentration 
interval (cf. Equation 2.9), diffusion coefficients reported in this chapter are plotted at the 
midpoint of the respective sorption intervals. 
 Uptake data measured from the automated VTI instrument at low activities could not 
be accurately described by the Fickian model from Equation 2.47. All data recorded from 
this instrument exhibited a slight but distinct curvature convex to the time axis at short 
times, before approaching Fickian-like behavior at longer times (cf. Figure 9.3, discussed 
later in the document). A discussion regarding the cause of the anomalous sorption 
kinetics is available in Chapter 3 (cf. Section 3.4.2). 
 The sigmoidal sorption data from Figure 9.3 (discussed later in the chapter) can be 
modeled formally using the Long and Richman formulation of the time-dependent 
boundary condition from Equation 2.52 (discussed previously), which states that the 
equilibrium concentration at the film surface is described by an exponential approach to 
equilibrium [19]. Solution of the time-dependent diffusion equation with the boundary 
conditions in Equation 2.52 is reproduced in Equation 9.2 [19, 20], where the subscript 
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 Additional experimental verification of the validity of Equation 9.2 in the current 
application is provided in Appendix D, which provides values of DAvg and τS measured 
using nitrogen, argon, and helium as carrier gases along with variable flow rates. 
Equation 9.2 can be combined with the Berens-Hopfenberg representation discussed 
previously (cf. Section 2.4.4) to produce Equation 9.3, which describes kinetic sorption 
measured via the VTI instrument in the presence of non-Fickian relaxations. 
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 In the following discussions throughout the chapter, Equation 9.3 will be referenced 
as the “BH-Exp” model. It is important to recognize that Equations 2.55, 2.53, and 2.47 
(provided in Chapter 2) can all be recovered from Equation 9.3 depending on the shape of 
the kinetic curve. For example, use of Equation 9.3 to model a strictly Fickian uptake 
curve (cf. Figure 9.1, discussed later in the chapter) will return values of ϕF ≈ 1 and τS ≈ 
0. Similarly, use of Equation 9.3 to model the kinetic data from the VTI system at low 
water concentrations (cf. Figure 9.3, i.e., absence of non-Fickian relaxations) will return 
values of ϕF ≈ 1 and τS ≠ 0. The model in Equation 9.3 therefore represents a robust 
representation which is capable of describing a wide variety of kinetic phenomena.  
 Application of Equation 9.3 to experimental kinetic sorption data was achieved using 
a similar MATLAB
®
 non-linear least squares fitting routine as described later in Chapter 
11. Due to the presence of four unknown parameters in Equation 9.3, caution should be 
exercised regarding the selection of “initial guess” parameters required by the non-linear 
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least squares fitting routine and how these parameters affect the final optimized model 
parameters. For example, the functional form of Equation 9.2 (cf. Figure 9.3), especially 
for large values of τS, can resemble the sigmoidal shape of the exponential relaxation term 
in Equation 9.3. Selecting a purely non-physical initial guess of 3000 s for τS when 
modeling the data in Figure 9.3b (which clearly has a τS on the order of 200 s), could 
result in the MATLAB
®
 routine “optimizing” the solution by selecting a local minima in 
the solution-optimization space which exhibits no physical significance. Consequently, 
care must be taken to ensure that the final optimized parameters truly reflect the physical 
phenomena occurring during diffusion. An additional discussion regarding the selection 
of initial guess parameters in the MATLAB
®
 fitting routine is provided in Chapter 11.  
 A final note should be mentioned regarding the relative time-scales of both Fickian 
diffusion and first-order relaxations. Direct comparison of these parameters can be 
obtained via the Deborah number (De) for diffusion given in Equation 9.4 [21], where τR 
is the time constant for the first-order relaxations obtained from Equations 9.3, and τD is 















 Simple Fickian behavior will be observed in the kinetic uptake data for both limiting 
cases where De>>1 and De<<1, while diffusion cases which involve comparable 
diffusion and relaxation time scales (De ≈ 1) require treatment with a relaxation-based 
model (i.e., Berens-Hopfenberg model). Further discussions on the Deborah diffusion 
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number can be found in the literature [21-23].  
 
9.3.2. Sorption/Desorption at 35°C (First Cycle) 
 Water uptake data for both polyesters measured by the manual quartz spring 
apparatus at low activities can be accurately described by the simple Fickian model from 
Equation 2.47. Example quartz spring data are provided in Figure 9.1 for water vapor at 
35°C in PEF (diamonds) and PET (circles), and are plotted on the same graph via 




. The solid line in Figure 9.1 
represents the model fit from Equation 2.47. Similar agreement between Equation 2.47 
and uptake data was also observed for measurements conducted in liquid water at 35°C, 
and will be discussed later in Section 9.3.3. Diffusion coefficients obtained via the quartz 
spring method for both polyesters are provided in Appendix D, and exhibit excellent 
agreement with the values obtained from automated VTI system. 
 
 
Figure 9.1. Water uptake data at 35°C for PEF (diamonds) and PET (circles) measured during 
sorption between 0 – 0.4 activity using the quartz spring system. Data are plotted versus a non-
dimensional time, with the corresponding Fickian fit from Equation 2.47. Respective DAvg values 























a = 0 → 0.4 
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 The raw kinetic sorption data measured at 35°C from the automated VTI system are 
shown in Figure 9.2a for PEF and Figure 9.2b for PET between the activity range of 0 – 
0.95 for sorption and subsequent desorption. First examination of Figure 9.2 for both 
polyesters reveals a Fickian-type uptake behavior during sorption up to ~0.6 activity, as 
evidenced by a functional approach to equilibrium similar to that illustrated in Figure 9.1 
(i.e., negligible long-term relaxations). After ~0.6 activity, however, long-term non-
Fickian relaxations are observed via a protracted incremental increase in sorption 
capacity. In fact, examination of Figure 9.2 for both polyesters reveals that true sorption 
equilibrium was not reached for uptake curves between 0.6 – 0.95 activity during initial 
sorption. Implications of this reality on the final kinetic model parameters, although 
minor, will be discussed later in the chapter. The non-Fickian relaxation behavior 
observed at high activity is consistent with the onset of sorption-induced morphological 
changes associated with plasticization and swelling and an overall increase in free 
volume in the conditioned samples. This behavior coincides with the positive deviation 
from dual-mode sorption observed in Chapter 8 above ~0.6 activity. Data similar to that 








Figure 9.2. Sorption/desorption data for water in PEF (a) and PET (b) at 35°C measured by the 
automated VTI instrument. Both (a) and (b) contain complementary kinetic and equilibrium 





 The data in Figure 9.2 can be partitioned into individual sorption/desorption curves 
via Equation 9.1, thereby facilitating application of Equation 9.3 and extraction of model 













































































apparent in Figure 9.2 due to the small magnitude of τS (minutes) compared to the time-
scale of the overall experiment (days). Closer examination of the kinetic uptake data for 
PEF from Figure 9.2a is provided in Figure 9.3a for the sorption interval 0 – 0.1 activity 
and in Figure 9.3b for the sorption interval 0.1 – 0.2 activity. The uptake data in Figure 
9.3 are plotted versus (time)
1/2
 to better illustrate the anomalous kinetics introduced by 
the control scheme lag, and both the Fickian model from Equation 2.47 (dashed line) and 
the BH-Exp model from Equation 9.3 (solid line) are shown in the figure for comparison. 
It was consistently observed during VTI operation that any concentration step starting 
from zero activity exhibited a much larger value of τS than if the instrument initiated a 
step change starting from a nonzero activity. This notion is demonstrated in Figure 9.3a 
and 9.3b, where τS = 1820 s in Figure 9.3a (activity step 0 – 0.1) and τS = 214 s in Figure 
9.3b (activity step 0.1 – 0.2). Anomalous kinetic uptake curves similar to Figure 9.3b 
have also been observed by Detallante et al. [24], who used a different automated vapor 
sorption system than in the current work and attributed the anomalous behavior to similar 












Figure 9.3. Water uptake data at 35°C measured by the automated VTI system during sorption 
between 0 – 0.1 activity (a) and 0.1 – 0.2 activity (b). Dashed lines represent the Fickian fit from 
Equation 2.47, while solid lines represent the BH-Exp fit from Equation 9.3. Model parameters 








/s, ϕF = 1, τR = 













 In Figure 9.3, it is apparent that the BH-Exp model from Equation 9.3 more 
accurately describes the experimental data than the ideal Fickian model from Equation 
2.47. The model parameters for all four best fit lines in Figure 9.3 are provided in the 
figure caption. Not surprisingly, differences between diffusion coefficients calculated 
from the two models are accentuated in Figure 9.3a due to the larger value of τS compared 
to that illustrated in Figure 9.3b. Furthermore, a value of τS = 214 s in Figure 9.3b results 
in only a minor correction to DAvg calculated from the simple Fickian model. Values of ϕF 
= 1 were obtained from modeling Equation 9.3 to the data shown in Figure 9.3, thereby 
 
 




































































a = 0.1 → 0.2 






a = 0 → 0.1 






indicating the absence of non-Fickian relaxations over the time-scale of these 
experiments. Significantly larger deviations between DAvg values calculated from the two 
models are realized when ϕF <<1, as observed in the current work during sorption at high 
activity for both polyesters. 
 Individual partitioning of the sorption/desorption uptake curves depicted in Figure 
9.2a for PEF is provided in Figure 9.4, while the corresponding curves in Figure 9.2b for 
PET are provided in Figure 9.5. Sorption/desorption curves measured over the same 
activity interval (i.e., 0.1 – 0.2 for sorption, and 0.2 – 0.1 for desorption) are plotted on 
the same respective graphs to allow for simple comparison. The solid lines in Figures 9.4 
and 9.5 represent the BH-Exp model fit from Equation 9.3 to the experimental sorption 
data, while the dashed lines represent corresponding fits to the desorption data. 
Desorption data were not measured for the interval 0.1 – 0, and consequently, only the 




Figure 9.4. Kinetic sorption data from Figure 9.2a for water in PEF at 35°C measured by the VTI 
system. Lines represent model fits from Equation 9.3 corresponding to sorption (solid) and 
subsequent desorption (dashed), while experimental data are represented in grey. The sorption 
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Figure 9.5. Kinetic sorption data from Figure 9.2b for water in PET at 35°C measured by the VTI 
system. Lines represent model fits from Equation 9.3 corresponding to sorption (solid) and 
subsequent desorption (dashed), while experimental data are represented in grey. The sorption 
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 Effective diffusion coefficients (DAvg) obtained from the BH-Exp model fit to the 
sorption/desorption data for PEF in Figure 9.4 are provided in Figure 9.6, with 
corresponding values for PET from Figure 9.5 provided in Figure 9.7. From these figures, 
it is apparent that DAvg exhibits a positive correlation with increasing concentration during 
sorption for both polyesters, with the same behavior observed during subsequent 
desorption. The initial increase in DAvg values up to 0.6 activity can be described by 
typical dual-mode behavior, and is discussed in Appendix D. Above 0.6 activity, however, 
positive deviations from ideal dual-mode behavior correlate with increased segmental 
mobility resulting from penetrant-induced plasticization. This behavior is opposite to that 
expected for penetrant clustering, which exhibits a decrease in diffusion coefficient with 




Figure 9.6. DAvg values from Equation 9.3 for water in PEF at 35°C measured from the VTI 
system. Sorption (solid circles) and subsequent desorption values (hollow circles) are plotted at 
the midpoint activity of the respective sorption interval, and correlate with model fits to the data 



























Figure 9.7. DAvg values from Equation 9.3 for water in PET at 35°C measured from the VTI 
system. Sorption (solid circles) and subsequent desorption (hollow circles) values are plotted at 
the midpoint activity of the respective sorption interval, and correlate with model fits to the data 
in plots (a) – (j) from Figure 9.5. 
 
 
 Data in Figures 9.6 and 9.7 also reveal slightly larger DAvg values for sorption 
compared to respective desorption values for both polyesters. This behavior is consistent 
when considering the positive correlation between DAvg and concentration. Crank notes 
that sorption is typically faster than desorption when the diffusion coefficient increases 
with concentration [20]. Regardless, the DAvg values for sorption and desorption are 
similar in magnitude over the entire concentration range, which is similar to the behavior 
observed for water diffusion in polysulfone (PSF) [27]. The trends in Figures 9.6 and 9.7 
for PEF and PET, respectively, contrast those observed for water in polyethersulfone [28], 
20% poly(vinyl pyrrolidone)/PSF [27], and water in some polyimides [29], where the 
latter polymers exhibit a decreasing DAvg with increasing concentration for sorption at 
high activity due to the presence of clustering. 
 A more accurate estimate of the true diffusion coefficient dependence vs. activity can 
be obtained by averaging the diffusion coefficients obtained during sorption and 
p/p
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subsequent desorption over the same respective interval (cf. Equation 2.11, discussed 
previously) [20, 30]. Average diffusion coefficients obtained via this method are 
represented by D(s+d)/2, where s and d represent sorption and desorption, respectively. 
D(s+d)/2 values corresponding to both PEF and PET are plotted together in Figure 9.8 to 
allow for simple comparison. A note regarding this average is that the morphology of the 
polyester material is slightly altered after initial sorption at high activity. Recall that the 
sorption steps were performed in series between 0 – 0.95 activity, followed by the 
desorption steps in series between 0.95 – 0 activity. Morphological changes in the 
polymer are observed via the non-Fickian relaxations in the current work and by the 
distinct sorption hysteresis observed in Figures 8.6 and 8.7 presented in Chapter 8. Values 
of D(s+d)/2 for PET divided by respective values for PEF between 0 – 0.95 activity vary 
from ~6.2 to ~2.3 at the low and high activity limits, respectively, with an average value 
of 5.0 across the entire concentration range. Reduced diffusion coefficients for PEF 
compared to PET originate from inherent differences in segmental mobility, as discussed 
in Chapter 5. Similar diffusion coefficient behavior to that observed in Figure 9.8 has 
been observed for both semicrystalline PET and amorphous poly(ethylene naphthalate) 





Figure 9.8. Sorption and desorption averaged diffusion coefficients (D(s+d)/2) measured from the 
VTI system for water in PEF (diamonds) and PET (circles) at 35°C. 
 
 
 The average diffusion coefficient data presented in Figure 9.8 for both polyesters can 





which can be obtained from Figures 8.6 and 8.7 in Chapter 8 for PEF and PET, 
respectively. Values of D(s+d)/2 from Figure 9.8 are plotted in Figure 9.9 versus the 
average equilibrium concentration, which reflects the average concentration from 
beginning to end of the interval and averaged again between sorption and desorption 
concentrations to account for sorption hysteresis. The lines in Figure 9.9 represent model 
fits from Equation 9.5, which assumes an exponential dependence for the diffusion 
coefficient on concentration.  
 


























Figure 9.9. Diffusion coefficients from Figure 9.8 versus equilibrium water concentration at 35°C 
for PEF (diamonds) and PET (circles). Lines reflect model fits from Equation 9.5, and respective 
model parameters are included in the text. 
 
 
 In Equation 9.5, CAvg represents the aforementioned average concentration, β is a 
constant, and D∞ is the infinite dilution diffusion coefficient. Model parameters from 






















. Reports in the literature suggest that values for β increase with 
increasing penetrant size for diffusion in PET, and the value of 0.049 for PET from the 
current work is significantly lower than values reported for ethanol, n-propanol, i-
propanol, i-butane, and ethyl acetate [18, 31, 32]. Additionally, PEF exhibits a larger 
concentration dependence than PET as evidenced by the slightly larger value for β. Such 
results are consistent with the observation of Chandra and Koros [18], who suggested a 
positive correlation between concentration dependence and interaction between penetrant 
and polymer matrix. The latter notion is discussed in Chapter 8, where water is shown to 


























 The presence of non-Fickian relaxations during sorption at high activity (>0.6) for 
both polyesters is apparent via the long, protracted approach to equilibrium observed in 
Figures 9.2, 9.4, and 9.5. Similar non-Fickian behavior to that reported in the current 
work has been reported by Schult and Paul [33] in their work regarding water sorption in 
polyethyloxazoline and polyethersulfone, and in additional studies regarding water 
sorption in PET [2, 34]. The onset of non-Fickian behavior in the current work is best 
visualized by a plot of the respective ϕF values from Equation 9.3 for the best-fit models 
illustrated in Figure 9.4 for PEF and Figure 9.5 for PET. A plot of ϕF vs. activity during 
initial sorption is provided in Figure 9.10a for both PEF (diamonds) and PET (circles), 
with the corresponding graph for desorption provided in Figure 9.10b. Simple Fickian 
diffusion is dominant during sorption up to 0.6 activity, as evidenced by ϕF values near 
unity for both polyesters in Figure 9.10a. Alternatively, a large systematic decrease in ϕF 
is observed above 0.6 activity during sorption, thereby indicating a transition to 
relaxation-dominated mass uptake. Fickian kinetics dominate the desorption process, as 
observed by ϕF values near unity for both polyesters in Figure 9.10b over the entire 
concentration range. It is also known that a slightly retarded approach to equilibrium 
during the final stages of desorption can accompany the specific type of concentration 
dependence observed in the current work [20]. This protracted approach to equilibrium 
during desorption can also potentially result from deswelling of the previously swollen 
matrix, as observed by Berens [35] in the case of vinyl chloride sorption in poly(vinyl 
chloride) or by Bagley and Long [36] in the case of acetone sorption in cellulose acetate. 
Consequently, the values of ϕF not equal to unity in Figure 9.10b are potentially a result 
of the relaxation-based model attempting to describe this deswelling process or the 
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protracted approach resulting from the concentration dependence of the diffusion 
coefficient. Nevertheless, the observation of predominantly Fickian kinetics upon 
desorption is consistent with the notion that the collapse of extra free-volume which was 
introduced during sorption occurs significantly slower than the Fickian desorption 
process, thereby resulting in the appearance of Fickian kinetics [27, 35]. A brief 
discussion regarding the persistence of the morphological changes is provided in Chapter 
8, which illustrates sorption hysteresis in both polyesters [37]. The remaining BH-Exp 
model parameters from Equation 9.3 for the best-fit curves in Figures 9.4 and 9.5 are 














Figure 9.10. Plot of ϕF from Equation 9.3 for water at 35°C in PEF (solid diamonds) and PET 


































Figure 9.11. Plot of τR from Equation 9.3 for water at 35°C in PEF (diamonds) and PET (circles) 
measured by the VTI system for sorption (filled) and desorption (hollow). Values of τR are only 
provided for values of ϕF <1 from Figure 9.10.  
 
 
Figure 9.12. Plot of τS from Equation 9.3 for water at 35°C in PEF (diamonds) and PET (circles) 
measured by the VTI system for sorption (filled) and desorption (hollow). Recall that τS is an 
instrumental parameter, and does not reflect intrinsic properties of the polymer.  
 
 
 Values of τR from Equation 9.3 can only be evaluated accurately via the MATLAB
®
 
modeling technique when ϕF < 1. Consequently, Figure 9.11 only reports τR values in 
conjunction with the respective ϕF parameters depicted in Figures 9.10a during sorption, 
which are less than unity above ~0.5 activity. Corresponding τR values for desorption are 
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(τS = instrumental parameter) 
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also only provided for values of ϕF < 1 as reported in Figure 9.10b. It is interesting to 
observe that both PEF and PET exhibit similar relaxation rates during sorption at high 
activity despite seemingly large differences in segmental mobility [5]. It should be 
reiterated, however, that only one relaxation term in the Berens-Hopfenberg expression 
(cf. Equation 9.3) was used in this study, and as a result, τR represents an empirical 
parameter. 
 Values of the instrumental time constant associated with the process control lag (τS) 
are plotted in Figure 9.12 for PEF (diamonds) and PET (circles) during both sorption 
(solid) and desorption (hollow). To reiterate, τS is not a fundamental polymer parameter 
and is employed solely to remove the anomalous behavior introduced by the instrument 
control lag. Consequently, τS is approximately constant during the activity range between 
0.1 – 0.95 for both polyesters. The exception is the interval starting from zero, which 
consistently produced larger values of τS. As a consistency check, all values of τS reported 
in Figure 9.12 were significantly smaller than (l
2
/DAvg), which is the respective time scale 
for diffusion. Automated VTI measurements using argon and helium in addition to 
nitrogen are provided in Appendix D between the interval 0.1 – 0.2 activity to further 
explain the choice of Equation 9.3 and role of τS in the current work. 
 As mentioned previously, extra time was allotted to allow for completion of sorption 
at activities greater than 0.6 (cf. Figures 9.2, 9.4, and 9.5); however, the uptake curves did 
not reach complete equilibrium and were still increasing when the system proceeded to 
the next activity step. This effect is accentuated at the highest sorption interval between 
0.9 – 0.95 activity, which corresponds with the upswing in equilibrium vs. concentration 
reported in Chapter 8 [37]. Berens [35], who studied vinyl chloride sorption in poly(vinyl 
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chloride), also terminated his runs before true equilibrium was reached due to excessively 
lengthened experiment times.  
 Recall that the diffusion model provided in Equation 9.3 represents a linear 
superposition of both Fickian and relaxation terms, where both are assumed to occur 
independently of the other [38]. Since enough time was allowed in Figures 9.4 and 9.5 to 
fully span the timescale needed for Fickian diffusion, it is possible, in theory, to ideally 
obtain physically meaningful values of the diffusion coefficient without reaching true 
uptake equilibrium [36]. Furthermore, not achieving true equilibrium due to the presence 
of relaxations should ideally only affect the model parameters associated with the 
relaxation process, which are ϕF and τR in Equation 9.3. The end-result for the relaxation-
based model parameters will be: 1) a further decrease in ϕF than illustrated in Figure 
9.10a due to the larger contribution from the relaxation mode, and 2) an increase in τR for 
the values illustrated in Figure 9.11 due to longer time needed for completion of the 
relaxation process. Only one relaxation term in the Berens-Hopfenberg framework was 
considered in Equation 9.3 for simplicity and to achieve “uniqueness” in the final model 
parameters. It is possible, however, that additional relaxation terms in the BH framework 
might be needed to model the complete uptake curve in the case of achieving true 
equilibrium. Consequently, the relaxation parameters provided in Figures 9.10 and 9.11 
serve the purpose of providing a workable, phenomenological description of the 
relaxation process in both polyesters. Continuing with the aforementioned discussion, the 
diffusion coefficients calculated in the absence of long-term relaxations (i.e., p/p0 < 0.6 
during sorption, and all activities during desorption) reflect a higher degree of confidence 
in the optimized values, while more uncertainty exists in the optimized values for DAvg 
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during sorption at high activity due to the large relaxation contribution from Equation 
9.3. 
 
9.3.3. Sorption/Desorption at 35°C (Second Cycle) and Sorption at Unit Activity 
 The values for DAvg reported in Figures 9.6 (PEF) and 9.7 (PET) are for initial 
sorption (solid circles) and subsequent desorption (hollow circles). Recall that 
equilibrium uptake hysteresis was reported in Chapter 8, which included data for a 
second sorption cycle to examine the persistence of the sorption-induced morphological 
changes (cf. Figures 8.6 and 8.7 in Chapter 8). The kinetic counterpart to the equilibrium 
data during the second sorption cycle at 35°C will now be presented. 
 Sorption during the second cycle consisted of larger concentration intervals than used 
initially (i.e., 0 – 0.3, 0.3 – 0.6, and 0.6 – 0.95 for sorption, and 0.95 – 0.6, 0.6 – 0.3, 0.3 – 
0.05 for desorption). Values of the average diffusion coefficient from sorption and 
desorption (i.e., D(s+d)/2, discussed previously) during the second cycle at 35°C are plotted 
via the hollow circles at the midpoint of the concentration interval in Figure 9.13 for PEF 
and Figure 9.14 for PET. Corresponding D(s+d)/2 values obtained during the first cycle are 
plotted in Figures 9.13 and 9.14 (hollow diamonds) for comparison. Parameter values for 
the additional model parameters from the BH-Exp model (Equation 9.3) are similar to 





Figure 9.13. Diffusion coefficients for water in PEF at 35°C. Data for the first sorption cycle 
(hollow diamonds) and second sorption cycle (hollow circles) represent values of  D(s+d)/2, while 
the solid circle represents DAvg measured during sorption from 0 – 1 activity. Values are plotted at 
the midpoint of their respective activity intervals. 
 
 
Figure 9.14. Diffusion coefficients for water in PET at 35°C. Data for the first sorption cycle 
(hollow diamonds) and second sorption cycle (hollow circles) represent values of  D(s+d)/2, while 
the solid circle represents DAvg measured during sorption from 0 – 1 activity. Values are plotted at 
the midpoint of their respective activity intervals. 
 
 
 Inspection of the diffusion coefficients in Figures 9.13 and 9.14 reveals excellent 
reproducibility between the average values during sorption/desorption for both the initial 
and subsequent sorption cycles. Not shown in Figures 9.13 and 9.14 are the separate 
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diffusion coefficients obtained during sorption and subsequent desorption during the 
second sorption cycle. In fact, these respective values for both polyesters exhibited much 
closer agreement than the sorption/desorption values during the initial sorption cycle 
reported in Figures 9.6 and 9.7. This notion is consistent with the work of Berens [35], 
who hypothesized that the diffusion coefficients obtained during sorption and desorption 
would eventually converge if enough sorption cycles were performed. 
 As mentioned previously, uptake experiments at unit activity were performed using a 
gravimetric liquid water method. Kinetic uptake curves resulting from this method were 
predominantly Fickian despite the high activity of water, due to the thickness of the films 
needed to ensure long, experimentally accessible timescales for diffusion. 
Correspondingly, Deborah numbers (De) for both polyesters were significantly less than 
unity (i.e., De ≈ 0.04 for PEF, De ≈ 0.03 for PET), so the appearance of Fickian kinetics 
is not surprising. Kinetic uptake curves representing data from four separate sorption 
experiments are provided in Figure 9.15 (a) for PEF and (b) for PET, and are plotted 




 to normalize differences in film thickness. 
Values for the diffusion coefficient measured during sorption (DAvg) are provided for both 
polyesters in Figures 9.13 and 9.14 via the filled circles, and are plotted at the midpoint 







Figure 9.15. Kinetic sorption data during sorption between 0 – 1 activity for water at 35°C in 
PEF (a) and PET (b). Lines represent the Fickian model fit from Equation 2.47, and 
corresponding DAvg values for PEF and PET plotted in Figures 9.13 and 9.14, respectively. Both 
(a) and (b) reflect normalized data from four separate sorption experiments. 
 
 
 The value of DAvg plotted in Figure 9.13 (filled circle) for PEF exhibits excellent 
agreement with the corresponding diffusion coefficients measured from the automated 
VTI instrument. However, the respective value for PET plotted in Figure 9.14 (filled 
circle) is slightly lower than the values measured from the VTI instrument. Diffusion 





















































a = 0 → 1  
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varied [34, 39, 40], but are similar in magnitude to the value reported in the current study. 
 
9.3.4. Transport Energetics  
 In addition to the above measurements at 35°C, kinetic uptake curves were also 
measured at 15, 25, and 45°C between the activity interval 0.1 – 0.2 for both polyesters. 
Equilibrium uptake data at 0.2 activity for all four temperatures are presented in Chapter 
8, which also reports estimates for the apparent enthalpy of sorption for water in both 
polyesters. Measurements were performed between 0.1 – 0.2 activity to ensure simple 
Fickian diffusion (ϕF = 1) and to avoid large values of τS (discussed previously) 
associated with the sorption interval starting from zero. The resulting kinetic uptake 
curves were predominantly Fickian, with correspondingly small values of τS consistent 
with those reported in Figure 9.12. The temperature dependence of the diffusion 
coefficients can be described via the Arrhenius representation in Equation 2.12 (discussed 
previously). Values of DAvg measured at 15, 25, 35, and 45°C are plotted in semi-
logarithmic form in Figure 9.16 for both PEF (diamonds) and PET (circles). The lines 
represent the corresponding fits from Equation 2.12, and the uncertainty limits for ED are 





Figure 9.16. Temperature-dependent diffusion coefficients for PEF (diamonds) and PET (circles) 
measured during sorption between 0.1 – 0.2 activity. Lines reflect model fits from Equation 2.12. 
 
 
 Excellent linearity is observed in the Arrhenius model fits in Figure 9.16, thereby 
giving confidence to the ED values of 47.1 ± 2.8 kJ/mol for PEF and 46.4 ± 3.0 kJ/mol for 
PET. Values of ED reported in the literature for water diffusion in both semicrystalline and 
amorphous PET are similar to those reported in the current work for amorphous PET [34, 
40-42], while no additional data exists in the literature for PEF. Quick inspection of the 
ED values for PEF and PET in Figure 9.16 reveals a slightly higher value for PEF; 
however, the uncertainty limits result in statistically indistinguishable values for both 
polyesters. The ED values shown in Figure 9.16 for water diffusion reveal distinct 
similarity to the respective ED values for oxygen diffusion in both polyesters from 
Chapter 6. Such behavior is consistent with the work of Yasuda and Stannett, who 
reported similar ED values for water and oxygen in the same polymer for rubber 
hydrochloride, PET, ethyl cellulose, and polypropylene [41]. Estimates for the activation 
entropies of water diffusion in PET and PEF are provided later in Appendix F. 























ED = 46.4 ± 3.0 kJ/mol 
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ED = 47.1 ± 2.8 kJ/mol 
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estimated in Chapter 8, and reflect values of -47.5 ± 0.6 kJ/mol for PEF and -47.0 ± 0.6 
kJ/mol for PET. Combination of the enthalpy of sorption with the activation energy of 
diffusion for both polyesters yields an estimate for the effective activation energy of 
permeation (EP), which can be calculated via Equation 2.19 (discussed previously). 
Estimates of EP for water in PEF and PET are provided in Table 9.1, where the 
uncertainty limits originate from the standard error of the fit. 
 
Table 9.1. Transport energetics for water in PEF and PET. Values of ΔHS are reproduced from 
Chapter 8. 






PEF 47.1 ± 2.8 -47.5 ± 0.6 -0.4 ± 2.8 




 Values of EP reported in Table 9.1 exhibit small values close to zero, thereby 
reflecting a weak temperature dependence for water permeability in both polyesters over 
the measured activity range (0.1 – 0.2). Similar EP values for semicrystalline PET are 
reported in the literature [43, 44]. As a reminder, the EP values for both polyesters 
reported in Table 9.1 are first estimates, and will ideally be validated in the future by 
independent permeation tests. 
   
9.4. Summary and Conclusions 
 The current chapter investigates the kinetic uptake properties of water in amorphous 
PEF and PET across the entire water activity interval at 35°C, and complements the work 
in Chapter 8 which investigates the corresponding equilibrium uptake properties at the 
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same conditions. Similar to Chapter 8, uptake data were measured using three 
independent methodologies. Excellent agreement was observed between all three 
methodologies, thereby providing a consistency check for the reported data. 
 Simple Fickian behavior was observed for water diffusion in both polyesters up to 
~0.6 activity, after which the presence of non-Fickian relaxations required treatment with 
the Berens-Hopfenberg model. Anomalous curvature was introduced in all uptake data 
measured by the automated VTI instrument due to lag introduced by the control scheme. 
Such anomalous behavior was successfully accounted for via implementation of the 
formal diffusion model proposed by Long and Richman [19]; however, the physical 
significance of the parameters are totally different in the two cases. In fact, the use of the 
Long and Richman model in the present case is simply for the sake of convenience, while 
the coefficients in the original Long and Richman work related to actual molecular 
relaxation times. 
 Both polyesters exhibited a positive correlation between diffusion coefficient and 
increasing concentration over the entire concentration range. Diffusion coefficient data 
between 0 – 0.6 activity can be described using the partial immobilization model (cf. 
Appendix D), after which positive deviations from dual mode behavior indicate the likely 
presence of plasticization. Permeation experiments, which were not conducted in this 
study, are ultimately needed to further verify the presence of either plasticization or 
clustering at high activity in both polyesters. 
 PEF exhibits a significantly reduced water diffusion coefficient of ~5X averaged over 
the entire concentration range compared to PET at 35°C. The reduction in diffusion 
coefficient for PEF vs. PET originates from the reduction in segmental mobility due to 
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the non-symmetrical furan ring in PEF compared to the symmetrical phenyl ring in PET 
[5]. Additionally, the added polarity of the furan ring in PEF imparts the increased 
equilibrium water solubility of ~1.8X averaged over the entire concentration range 
compared to PET. The respective increase in solubility and decrease in diffusivity for 
water in PEF vs. PET can be combined using the common relationship P = DS to provide 
a permeability comparison for both polyesters. Multiplication of the aforementioned 
parameters yields an average permeability reduction of ~2.8X for water in PEF compared 
to PET at 35°C over the entire concentration interval. This value is similar to the ~2X 
permeability reduction for PEF vs. PET reported by Avantium [15]. The permeability 
reduction for water reported in the current chapter complements the significant 
permeability reductions for oxygen and carbon dioxide discussed in Chapters 6 and 7, 
respectively, and further confirms the notion that PEF can potentially serve as a viable 
alternative to PET in the beverage container market. This chapter, in combination with 
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 This chapter continues the investigation of poly(ethylene furanoate) (PEF) by 
utilizing three separate techniques to study the physical aging process of the amorphous 
glass. Differential scanning calorimetry (DSC) aging experiments were conducted at 
multiple aging temperatures and times, and the resultant enthalpic recovery values 
compared to the theoretical maximum enthalpy loss evaluated from calculations 
involving extrapolation of the equilibrium liquid line. Density measurements reveal 
densification of the matrix for the aged vs. unaged samples, and provide an estimate for 
the reduction in free volume for the aged samples. Furthermore, complementary oxygen 
permeation and pressure-decay sorption experiments provide independent verification of 
the free volume reduction mechanism for physical aging in glassy polymers. 
 
10.1. Introduction 
 Physical aging in glassy polymers is defined as the temperature and time-dependent 
approach of the material properties (enthalpy, specific volume, dielectric, and mechanical 
properties) from a non-equilibrium excess state towards a stabilized equilibrium state [1]. 
Such property changes, altered via physical aging, can be reversed by heating through the 
glass transition temperature (Tg), and thereby differ from the permanent changes induced 
by chemical aging. Understanding the physical aging process is an important topic of 
                                                 
1
Reprinted in part from Journal of Polymer Science Part B: Polymer Physics, 53/6, Burgess, S.K.; 
Mubarak, C.R..; Kriegel, R.M.; Koros, W.J., Physical Aging in Amorphous Poly(ethylene furanoate): 
Enthalpic Recovery, Density, and Oxygen Transport Considerations, 389–399, Copyright 2014, with 
permission from John Wiley & Sons. 
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research, since numerous industrially relevant polymers have end-use applications below 
Tg. One example of a recently introduced engineering thermoplastic is poly(ethylene 
furanoate) (PEF), which is a bio-sourced polyester with improved barrier, mechanical, 
and thermal properties compared to poly(ethylene terephthalate) (PET) [2, 3]. Despite the 
importance and promise of PEF, there exist no physical aging data yet in the literature. 
Such information is needed, and will help facilitate integration of PEF into the polyester 
market. 
 Aging properties of glassy polymers can be studied using multiple techniques, 
including enthalpic recovery via differential scanning calorimetry (DSC) [4-7], dielectric 
spectroscopy [8, 9], transport testing [10-13], and mechanical methods [14, 15], among 
others. Enthalpic recovery measurements via DSC are perhaps the most convenient to 
perform, since aging and thermal cycling of the sample can be conducted accurately in 
situ within the DSC. Moreover, the enthalpic recovery induced by aging at some sub-Tg 
temperature is only an indirect measurement of the physical aging process [16]. Direct 
measurement is possible using volumetric measurements (e.g., density and specific 
volume), which can detect the densification of the glassy matrix resulting from the aging 
process. Furthermore, the reduction in specific volume and free volume associated with 
aging have direct and well correlated implications regarding penetrant transport [17]. 
 The data reported in this chapter complement our prior work regarding various 
aspects of PEF compared to PET, such as fundamental chain mobility (Chapter 5), 
oxygen sorption and transport (Chapter 6), carbon dioxide sorption and transport 
(Chapter 7), and equilibrium and kinetic water sorption (Chapters 8 and 9, respectively). 
The current work utilizes a three pronged approach to study the physical aging process in 
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amorphous PEF. DSC aging experiments are performed at a number of different aging 
temperatures and aging times, and the corresponding enthalpic recovery values are 
evaluated and compared to the theoretical maximum enthalpy loss estimated from 
calculations involving extrapolation of the equilibrium liquid line. Direct verification of 
matrix densification resulting from aging is evident from specific volume measurements, 
thereby demonstrating a concurrent reduction in free volume for the aged sample. 
Furthermore, oxygen was chosen to “probe” the accessible free volume in aged and 
unaged PEF via complementary permeation and pressure-decay sorption experiments due 
to oxygen exhibiting minimal interaction with the glassy matrix, as discussed previously 
in Chapter 6. The independent transport results corroborate the specific volume 
measurements and provide additional confirmation regarding the free volume reduction 
mechanism of physical aging in glassy polymers. 
 The different testing methodologies (i.e., DSC, density, and transport) and the 
corresponding aging conditions associated with each method are summarized for 
convenience in Table 10.1, where specific details associated with each methodology are 
provided in the experimental section. As will be shown, enthalpic aging occurs in parallel 
with free volume aging, which in turn is reflected in the transport measurements for the 








Table 10.1. Summary of testing methods and aging conditions for the data reported in this 
chapter. Additional details are provided in Section 10.2. 
Differential scanning calorimetry (DSC) 
Unaged Measured by the DSC instrument concurrently with data for the aged samples 
Aged Samples aged in situ at 65, 70, 75, 78, and 81°C for time periods ranging from 0 ~ 1 day 
Density 
Unaged Measured in a density gradient column concurrently with the aged samples 
Aged Measured after aging in an oven at 65°C for greater than the max DSC aging time 
Oxygen permeation 
Unaged Measured at 35°C 
Aged Re-measured at 35°C after aging for ~4.5 days at 45°C and ~3.5 days at 55°C 
Oxygen sorption 
Unaged Measured at 35°C 
Aged 





10.2. Experimental Methods 
10.2.1. Materials and Film Preparation 
 The poly(ethylene furanoate) (PEF) and poly(ethylene terephthalate) (PET) polymers 
used in this chapter are the same materials described previously in Section 3.1.1, and all 
amorphous films were melt-pressed using the method in Section 3.1.3. All transport and 
aging measurements reported herein for PEF and PET reflect data corresponding to the 
amorphous morphology. 
 
10.2.2. Differential Scanning Calorimetry 
 Heat capacity curves were measured via differential scanning calorimetry (DSC) 
using a TA Q1000 DSC, which was previously calibrated using indium and sapphire 
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standards according to the method provided by TA Instruments. Each heat capacity 
measurement was recorded using ~10 mg of amorphous PEF film crimped into an 
aluminum sample pan (Perkin Elmer part # 02190041). The common convention of 
heating a glassy polymer to Tg + 50°C in order to erase the prior thermal history [18] 
could not be applied in the current work due to the semicrystalline nature of PEF. 
Fortunately, PEF crystallizes slowly when cooled from the melt [19] and can be quenched 
in the amorphous, glassy state using the cooling rates accessible to the Q1000 DSC. Fresh 
sample pans were prepared and utilized for measurement at each respective aging 
temperature (Ta) and aging time (ta) to avoid excessive degradation at high temperature 
due to repeated thermal cycling. The amorphous PEF films were dried overnight at 35°C 
under vacuum prior to loading into the sample pans, and all DSC measurements were 
conducted in the presence of a dry nitrogen purge. 
 All samples were aged within the DSC instrument and tested according to the method 
provided in Table 10.2. The first temperature ramp step in Table 10.2 involves heating the 
sample to 300°C to erase the prior thermal history of the sample, followed by cooling at 
30°C/min to 0°C. Due to the slow crystallization kinetics of PEF, the latter step quenches 
the material into an amorphous glass. Evidence for the amorphous nature of the quenched 
material is observed directly in the thermogram by the absence of a crystallization peak 
upon cooling from the melt, and a lack of melting peak upon subsequent re-heating to the 
melt. After cooling to 0°C, the sample is then re-heated to 300°C to provide the heat 
capacity baseline corresponding to zero aging during the previous cooling step (i.e., ta = 
0). This baseline provides a direct comparison to the heat capacity curve for the aged 
sample, which is measured in subsequent steps. After heating to 300°C (step 10, Table 
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10.2), the sample is then cooled to the aging temperature (Ta) and held isothermally at Ta 
for a discrete aging time (ta) before cooling to 0°C. The final subsequent heating step to 
300°C then measures the heat capacity curve corresponding to the previous aging 
conditions. The method outlined in Table 10.2 was chosen to enhance reproducibility in 
the measured data and to enable meaningful comparisons between data measured at 
different aging times and temperatures. Data collection was turned off during the 
isothermal aging period to avoid creation of unmanageably large file sizes, especially for 

















Table 10.2. DSC method used to study the enthalpic recovery process in amorphous PEF. 
Objective Step # Step description 
Erase prior thermal history in  
the film sample 
1 Equilibrate at 40°C 
2 Data storage: On 
3 Ramp 20°C/min to 300°C 
4 Data storage: Off 
5 Isothermal for 1 min 
6 Data storage: On 
7 Ramp 30°C/min to 0°C 
8 Isothermal for 1 min 
9 Mark end of cycle 
Measure unaged heat capacity 10 Ramp 20°C/min to 300°C 
Age at Ta°C for ta minutes 
11 Data storage: Off 
12 Isothermal for 1 min 
13 Ramp 30°C/min to Ta (aging temp) 
14 Isothermal for ta (aging time) 
15 Ramp 30°C/min to 0°C 
16 Isothermal for 1 min 
Measure aged heat capacity 
17 Data storage: On 
18 Ramp 20°C/min to 300°C 




 A cooling rate of 30°C/min was chosen to provide a compromise between instrument 
capability and sample history reproducibility. The maximum cooling rate for this 
instrument between 300 – 0°C was experimentally observed to be on the order of 
40°C/min. Higher cooling rates resulted in loss of temperature control at the low end of 
the specified range. Alternatively, very low cooling rates (i.e., <10°C/min) could allow 
PEF crystallization during cooling from the melt. The chosen value of 30°C/min allowed 
accurate, reproducible temperature control between different samples, while cooling at a 
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fast enough rate to avoid crystallization. 
 Aging temperatures (Ta) of 65, 70, 75, 78, and 81°C were chosen below the Tg of 
amorphous PEF (85°C, measured in Chapter 5 via the midpoint in Cp between the 
extrapolated liquid and glassy tangents); however, lower temperatures were not tested 
due to experimentally inaccessible time-scales of aging. Corresponding aging times (ta) 
of 1.5, 3, 5.5, 10, 17, 30, 60, 125, 240, 475, 950, and 1500 min were studied at each of 
the aforementioned aging temperatures to study the evolution of the enthalpic relaxation 
peak as a function of aging time. Aging measurements for each time/temperature 
combination were duplicated using fresh samples to verify reproducibility of the reported 
data. Consequently, each aging data point in the current work reflects an independent 
measurement performed on a separate sample.  
 
10.2.3. Density Measurement 
 Density values were measured after 20 minutes from introduction into the column, as 
described previously in Chapter 3. Accurate density measurement of the amorphous PEF 
films aged during permeation (~50 μm thick) and sorption testing (~80 μm thick) was not 
possible after 20 minutes, due to viscous drag or interfacial tension effects in the column 
resulting from the reduced film thickness required for transport testing. Consequently, a 
separate amorphous PEF film of ~200 μm thickness was utilized for all density 
measurements. Aging was induced on the latter sample by placement in an oven at 65°C 
for 12 days to simulate the thermal treatment experienced by sorption testing, which is 
discussed in the next section. As a side note, all films used in the current study are well 
above the ~1 μm “thin film” threshold value, where previous work has shown that glassy 
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films with thickness values below this limit can age at faster rates than the bulk material 
[13]. 
 
10.2.4. Transport Characterization 
 Oxygen permeation measurements were recorded at 35°C for unaged, amorphous 
PEF using a constant-volume, variable pressure system at selected pressures ranging from 
1 – 8 atm, where the system details are described in Chapter 3. Permeation data for the 
unaged samples at 35°C (cf. Figure 10.7, discussed later) are reported in Chapter 6, and 
are reproduced in the current chapter as a direct comparison to data for the aged samples. 
Film samples are identical to those used in Chapter 6, and the data reported in this 
chapter were measured in conjunction with that from Chapter 6 to ensure a consistent 
comparison between aged and unaged samples. Film samples were tested sequentially at 
35, 45, and 55°C in order of increasing temperature while loaded into the permeation cell 
during the course of measurement. The exposure time of each film at 45°C was 
approximately 4.5 days, followed by exposure to 55°C for approximately 3.5 days. After 
the oxygen permeation data were measured at 55°C, the films were re-tested at 35°C to 
investigate the cumulative effect of exposure to elevated temperature on the resultant 
permeation properties. Consequently, the comparison illustrated in the current work is for 
oxygen permeation at 35°C for the unaged (before exposure to 45 and 55°C) and aged 
(after exposure to 45 and 55°C) samples. Replicate measurements were made for the data 
reported in this chapter.  
 Oxygen sorption data were measured for amorphous PEF using a constant-volume, 
pressure-decay apparatus identical to that used in Chapter 6. Data were measured in 1 
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atm intervals between 0 – 10 atm at 35, 45, 55, and 65°C in order of increasing 
temperature. Equilibrium sorption values for the unaged samples at 35, 45, 55, and 65°C 
are reported in Chapter 6, and only the values measured at 35°C are included in the 
current chapter as a direct comparison to the aged sample data. Similar to the permeation 
methodology, the films used for sorption testing were aged within the apparatus during 
sequential testing at elevated temperatures. The exposure time at 45°C was approximately 
17 days, followed by exposure at 55°C for ~24 days and exposure at 65°C for ~12 days. 
After testing oxygen sorption at 65°C, sorption was retested at 35°C to investigate the 
cumulative effect of high temperature exposure on the subsequent sorption properties. 
The comparison provided in the current chapter reflects oxygen sorption at 35°C for the 
unaged (before exposure to 45, 55, and 65°C) and aged (after exposure to 45, 55, and 
65°C) samples. Recall that a summary of all testing methodologies and aging conditions 
utilized in this work is provided in Table 10.1. 
 
10.3. Results and Discussion 
10.3.1. Differential Scanning Calorimetry  
 The enthalpy vs. temperature behavior for glassy polymers is often described by the 
qualitative diagram in Figure 10.1. The glass transition temperature (Tg) is noted by point 
B in Figure 10.1, and exists at the intersection of the equilibrium liquid line and the 
glassy line. A typical aging experiment occurs via pathway ABCD in Figure 10.1, which 
depicts the process of cooling a rubbery polymer from above Tg to a defined aging 
temperature (Ta, point C), and subsequently isothermally aging the polymer at Ta for a 
specified aging time (ta). The instantaneous structure of the glass during the aging process 
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can be described by the so-called fictive temperature (Tf) [20], which is observed in 
Figure 10.1 by the intersection of the extrapolated liquid equilibrium line and the dashed 
line parallel to the non-equilibrium glassy line originating from point D. Given enough 
time during isothermal aging at Ta, the prior pathway depicted by ABCD will proceed to 
point E, which corresponds to the sample achieving the maximum possible enthalpy loss 
as dictated by the extrapolation of the equilibrium liquid line. As a natural consequence, 




Figure 10.1. Qualitative diagram of enthalpy vs. temperature for a typical glassy polymer. 
 
 
 The modeling framework of Tool-Narayanaswamy-Moynihan (TNM) [20-22] is often 




























10.1 and 10.2 illustrate the mechanics of this framework, where ϕ is the non-dimensional 
enthalpic relaxation function, τ is the characteristic relaxation time, Tf is the fictive 
temperature (illustrated in Figure 10.1), β is the stretching parameter (or non-
exponentiality parameter) in the Kohlrausch-William-Watts (KWW) function [23], A is 
the pre-exponential factor, x is the non-linearity parameter, R is the universal gas 
constant, and Δh
*
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 Equations 10.1 and 10.2 take into account both the non-exponentiality and non-
linearity of the structural recovery process. While multiple authors have noted 
shortcomings of the TNM representation [5, 7, 24, 25], it remains probably the most 
widely adopted model in the literature to date. 
 Equation 10.3, shown below, can be used to calculate enthalpic recovery values via 
application to experimental heat capacity data measured using the DSC method in Table 
10.2. In Equation 10.3, ΔH(Ta, ta) is the enthalpic recovery associated with aging for ta 
minutes at temperature Ta, Cp
aged
 is the curve measured upon heating after aging for ta 
minutes at temperature Ta, Cp
unaged
 is the reference curve measured upon heating after 
zero aging, and T1 and T2 are temperatures well below and above Tg, respectively. The 
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value of T1 was chosen to be 60°C in this context, while T2 was selected to be 
approximately 110°C. The method outlined in Table 10.2 was chosen to enhance 
reproducibility of the Cp baseline between unaged and aged samples; however, a very 
small baseline offset (on the order of ±0.01 J/g°C) was sometimes observed between the 
unaged and aged Cp data. For such cases, a correction was employed by vertically 
shifting the Cp data corresponding to the aged run until the baseline matched that for the 
unaged data. Cp curves for the respective unaged and aged runs were integrated 
numerically using the trapz function in MATLAB
®
, and the resultant areas subtracted 
according to Equation 10.3. Graphical interpretation of Equation 10.3 is provided in 
Figure 10.2, where the enthalpic recovery resulting from aging is visualized by the 
difference in areas below the unaged and aged Cp curves (dark gray regions in Figure 
10.2).  
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Figure 10.2. Graphical representation of ΔH from Equation 10.3. ΔH(Ta,ta) is calculated 
numerically by the difference in areas corresponding to the two dark gray regions.  
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 Since different PEF samples were used for each respective aging temperature and 
aging time combination, some minor variability in the Cp baseline is expected across 
separate runs. As mentioned previously, such variability was removed from the 
calculation of the enthalpic recovery via measurement of the unaged Cp curve alongside 
each aged Cp curve. DSC data for various aged samples measured at the same aging 
temperature can be meaningfully compared after normalization of the data via application 
of Equation 10.4. Graphing the normalized Cp simply allows for easier comparison 
between the different sample pans tested at each of the different aging times. Without this 
small normalization, even small baseline scatter from the different samples would 
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 In Equation 10.4, Cp(T) is the experimental heat capacity at temperature T, Cpg(T1) is 
the glassy heat capacity at T1 (i.e., 60°C), Cpl(T2) is the liquid heat capacity at T2 (i.e., 
~110°C), and Cp
N
(T) is the normalized experimental heat capacity which varies from zero 
to one. Normalized heat capacity data measured at all aging times and temperatures are 
provided in Figure 10.3, and all ΔH values corresponding to each aging time and 




Figure 10.3. Normalized heat capacity (Cp
N
) data for amorphous PEF at each respective aging 
temperature. Each curve in (a) through (e) represents an independent DSC measurement using a 
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Figure 10.4. Enthalpic recovery data (ΔH) for amorphous PEF measured at various aging 
temperatures and aging times. Each data point represents an independent DSC test performed 
using a fresh sample. 
 
 In Figure 10.3, the typical behavior signified by an increasing peak height and peak 
temperature with increasing aging time is observed for plots a, b, and c. Similar behavior 
has been observed for analogous DSC studies on a wide variety of glassy polymers [1]. 
Alternatively, plots d and e, which represent data recorded after aging at the two highest 
temperatures, exhibit a single main peak at low aging times and a developing shoulder on 
the high temperature side at long aging times. Some scatter also exists in the peak heights 
for plots d and e, resulting in part from the experimental requirement to use separate 
samples for each respective aging time. The latter notion is also observed in Figure 10.4, 
which illustrates the application of Equation 10.3 to the curves in Figure 10.3. Multiple 
peaks and shoulders in the enthalpic recovery landscape have been observed elsewhere in 
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the breadth of retardation times. Other authors have attributed multiple peaks to the 
presence of crystallinity [15, 30-32]; however, this explanation is unlikely for the data 
reported herein due to the verified amorphous morphology. 
 Examination of Figure 10.4 reveals that the enthalpic recovery values at 75, 78, and 
81°C reach a plateau after a certain threshold aging time at the respective temperatures. 
These enthalpic recovery values can be compared to the theoretical maximum enthalpy 
loss estimated by the extrapolation of the equilibrium liquid and glass heat capacity lines 
through the Tg. Equation 10.5 provides an estimate of the theoretical equilibrium enthalpy 
loss after infinite time (ΔH(Ta,∞)) [33], where Ta is the aging temperature, Tfo is the 
fictive temperature measured on the unaged sample upon heating through the Tg after 
previously cooling from the rubbery state at 30°C/min, and ΔCp provided in Equation 
10.6 is the difference in heat capacity between the extrapolated liquid (Cpl) and glass 
(Cpg) lines with T in units of °C. A discussion regarding the different methodologies for 
estimating ΔH(Ta,∞) is provided by Koh and Simon [33], and the approximation provided 









H T C T      (10.5)  
 
     0.599 0.00217p pl pgC C C T      (10.6)  
 
 The equation for the liquid heat capacity line was estimated to be Cpl = (1.617 + 
0.00125T), with T in units of °C, via averaging the slope and y-intercepts of at least ten 
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separate DSC samples during heating from the glass at 20°C/min. The equation for the 
glassy heat capacity was estimated to be Cpg = (1.018 + 0.00342T), with T in units of °C, 
thereby producing ΔCp in Equation 10.6 after subtraction from Cpl. A temperature range 
of 30 to 55°C was used for calculating the parameters of the glassy regression, while a 
range of 120 to 145°C was used for calculating the parameters of the liquid regression. 
Standard errors on the order of 4 10-5 and 0.01 were observed for the slope and y-
intercept values, respectively, corresponding to both glassy and liquid regressions. 
Caveats regarding the measurement of absolute ΔCp values via DSC are discussed by 
Badrinarayanan et al. [34]. A value for the fictive temperature during heating can be 
estimated by the equal areas method proposed by Moynihan [35] in Equation 10.7, where 
T1 and T2 are temperatures well below (55°C) and above (120°C) the Tg, respectively. 
 
 






p pg pl pg
T T
C C T C C T     (10.7)  
 
 Estimation of Tfo via Equation 10.7 was performed automatically via the Universal 
Analysis software provided by TA Instruments. A value of 82.2 ± 0.2°C for Tfo was 
estimated by averaging the results from multiple samples. Note that the value of Tfo, 
which was measured during heating, is lower than the estimate for the Tg (i.e., 85°C), 
which was also measured during heating. This result is not surprising, since the Tg should 
actually be measured during cooling from the liquid as opposed to the accepted 
convention of measurement during heating [34, 36]. Glass transition temperatures 
measured during cooling typically produce values slightly lower than those measured 
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during subsequent heating [36]. Consequently, usage of the Tg measured during heating in 
place of Tfo in Equation 10.5 can result in slight overestimation of ΔH(Ta,∞). A graph of 
ΔH(Ta,∞) from Equation 10.5 vs. aging temperature is provided in Figure 10.5 by the 
dashed line, where experimental values of ΔH(Ta, ta = 1500 min) from Figure 10.4 are 
plotted as hollow circles. 
 
 
Figure 10.5. Plot of experimental ΔH(Ta, ta = 1500 min) values from Figure 10.4 at each aging 
temperature for amorphous PEF. The dashed line represents the equilibrium value of ΔH(Ta,∞) 
estimated from Equation 10.5. 
 
 
 In Figure 10.5, agreement between the dashed line (Equation 10.5) and the 
experimental enthalpic recovery data at temperatures near Tfo suggest that the 
approximation provided in Equation 10.5 is valid for the current application. It is also not 
surprising that the equilibrium liquid line was not reached in the short 1500 min time 
period at 65 or 70°C, which exist approximately 20 and 15°C below the Tg of amorphous 
PEF. This notion is further observed at 65 and 70°C in Figure 10.4 by the absence of a 






















that time-scales on the order of one year were needed to approach the equilibrium liquid 
line at 15°C below Tg.  
 
10.3.2. Density and Free Volume 
 The specific volume vs. temperature behavior for a glassy polymer is commonly 
depicted by the qualitative diagram in Figure 10.6, and is similar to the enthalpy vs. 
temperature behavior described previously in Figure 10.1. Recall that the maximum 
temperature used for oxygen transport testing was 55°C for permeation and 65°C for 
permeation (cf. Table 10.1). As mentioned previously, the unaged, amorphous PEF 
samples were initially tested at 35°C, before incrementally increasing the testing 
temperature up to the aforementioned maximum values. The enthalpic recovery 
measurements from DSC at 65°C reported in Figure 10.5 reveal that approximately half 
of the equilibrium recovery is reached after aging for 1500 minutes (~1 day). It is 
therefore logical that sorption testing at 65°C for 12 days will produce a sample that is 
closer to the theoretical maximum enthalpy and maximum specific volume loss than the 
halfway point reported after ~1 day in Figure 10.5. A similar conclusion is reached for the 
permeation sample which was aged at 55°C during testing for ~3.5 days; however, the 
extent of aging for this sample is less due to the lower temperature and shorter exposure 
time at the elevated temperature. 
 A graphical, idealized specific volume vs. temperature representation of the aging 
process during transport testing is provided in Figure 10.6. For example, sorption testing 
was initially performed on unaged PEF at 35°C (i.e., point A in Figure 10.6), followed by 
incrementally increasing the testing temperature to 45°C, 55°C, and finally 65°C before 
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reducing the temperature back to 35°C (i.e., point D in Figure 10.6). Sorption testing at 
35°C followed by aging during testing at 65°C can therefore be visualized by pathway 
ABC in Figure 10.6, which neglects any reduction in specific volume at 45 and 55°C for 
simplicity. It can be assumed, for illustration purposes, that aging at 65°C (pathway BC) 
reaches the extrapolation of the equilibrium liquid line. Cooling to 35°C after sorption 
testing at 65°C follows pathway CD, and final sorption testing at 35°C (point D) results 
in the measurement of transport properties corresponding to the aged sample. 
 
 
Figure 10.6. Qualitative specific volume vs. temperature behavior for a glassy polymer. 
Explanation of the figure is provided in the text.  
 
 
 Direct measurement of the specific volume corresponding to points A and D in Figure 



























column. An estimate of the fractional free volume (FFV) is provided by Equation 2.40 
(discussed previously). As discussed previously, both the permeation and sorption films 
were too thin to allow accurate density characterization during the 20 minute equilibrium 
interval in the column. Consequently, density measurements were recorded using a 
separate amorphous PEF film of ~200 μm thickness. Aging was induced on the latter 
sample by placement in an oven at 65°C for 12 days to simulate the thermal treatment 
experienced by sorption testing. Density measurements and FFV calculations for the 
unaged and aged PEF samples are provided in Table 10.3, where the density of the 
unaged, amorphous PEF exhibits good reproducibility compared to the value reported in 
Chapter 5.  
 
Table 10.3. Density values at 23°C and free volume calculations for unaged and aged amorphous 
PEF. 
PEF sample Density (g/cc) ˆgV (cc/g) 0V̂ (cc/g) FFV (–) 




a 1.4338 0.697 0.592b
 
0.151 
a: Aged at 65°C in an oven for 12 days. 




 In corroboration of the enthalpic recovery results measured by DSC at 65°C, the 
reduction in FFV reported in Table 10.3 for the aged PEF sample compared to the unaged 
sample provides evidence that physical aging is indeed occurring during extended 
thermal treatment at 65°C. Such changes in free volume have direct implications 
regarding penetrant transport, and a complete discussion regarding this notion is provided 
in the next section. 
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10.3.3. Oxygen Transport 
 A discussion regarding the theory of penetrant transport in glassy polymers is 
provided in Chapter 2, where Equations 2.26 and 2.28 will be utilized in this chapter. As 
discussed previously, the time-scale of physical aging increases dramatically as the 
temperature is reduced further below Tg. While the aging temperatures used in this study 
(i.e., 55°C for permeation and 65°C for sorption) were low compared to the Tg of 85°C 
for amorphous PEF [2], densification of the matrix can still occur during the time-scale of 
transport testing as evidenced by the FFV measurements in the prior section. Oxygen 
permeability data at 35°C for unaged and aged PEF (aged at 55°C) are provided in Figure 
10.7, illustrating a ~16% reduction in permeability for the aged sample compared to the 
unaged sample. Equilibrium O2 sorption data at 35°C for unaged and aged PEF (aged at 
65°C) are provided in Figure 10.8, with the respective dual-mode model parameters listed 
in Table 10.4. The data corresponding to the unaged PEF samples in Figures 10.7 and 
10.8 have been reproduced from Chapter 6, and are included in this chapter to provide a 






Figure 10.7. Oxygen permeability data for unaged PEF (solid circles) and PEF aged at 55°C 
(hollow circles). Data corresponding to the filled circles are reproduced from Chapter 6. The 





Figure 10.8. Equilibrium O2 sorption at 35°C for unaged PEF (solid circles) and PEF aged 
according to the method in Table 10.1 (hollow circles). Lines represent the respective dual-mode 


























































Table 10.4. Dual-mode model parameters for oxygen sorption at 35°C in unaged and aged PEF. 
k
*
















a 35 0.048 0.054 0.85 0.094 
Aged
b 35 0.047 0.051 0.59 0.077 
a: Reproduced from Chapter 6. 




 The reduction in permeability and solubility for the aged samples observed in Figures 
10.7 and 10.8, respectively, are consistent with the FFV result that indicates physical 
aging is indeed occurring at the elevated temperatures used in this study. In fact, the 
permeability reduction illustrated in Figure 10.7 can be rationalized when examined 
within the context of the permeability–FFV correlation proposed by Lee [17] and 
discussed further by Park and Paul [38]. The transport results in Figures 10.7 and 10.8 
also confirm the notion that some degree of aging is inevitable when performing 
permeation and sorption measurements at elevated temperatures due to the lengthy 
experiment time required by such techniques.  
 The mechanism for how aging affects transport in glassy PEF is enlightened through 
inspection of the dual-mode parameters listed in Table 10.4. From Table 10.4, it is evident 
that the Langmuir capacity constant CH’ is reduced from 0.85 to 0.59 for the unaged and 
aged samples, respectively, while the Henry’s constant kD and Langmuir affinity 
parameter b remain unchanged. In fact, CH’ is a measure of the excess free volume in a 
glassy polymer [39, 40], and the reduction observed for the aged sample is consistent 
with the notion that physical aging involves the relaxation of the non-equilibrium excess 
free volume towards an equilibrium state. A reduction in the size or number of Langmuir 
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microvoids should therefore ideally not affect the Henry’s parameter for the dissolved 
mode or the affinity parameter, since the interactions between oxygen and PEF remain 
ideally unchanged for both aged and unaged samples [39]. Similar CH’ and b behavior to 
that in the current work for aged vs. unaged samples has also been observed for oxygen 
and nitrogen transport in glassy poly(methyl methacrylate) by Hu et al. [41]. 
 Further investigation of the aging mechanism is observed via estimation of k
*
 from 
Equation 2.28 by transient permeation measurements on the aged samples. True kD values 
from sorption testing on the aged and unaged PEF samples are listed in Table 10.5 along 
with k
*
 values for the aged and unaged samples obtained from transient permeation 
measurements. From Table 10.5, it is evident that the k
*
 for the aged sample has 
decreased in magnitude from the value for the unaged sample and is approaching the true 
kD value measured from independent sorption measurements. As a reminder, the true kD 
values from sorption testing for both the aged and unaged samples are approximately 
equal due to the negligible effect of aging on the dissolved environment. Oxygen 
diffusivity estimates from the raw pressure-decay sorption data further reveal that the 
average diffusion coefficient (averaged over all pressure intervals) is reduced by ~15% 
for the aged samples when compared to the corresponding value for the unaged samples. 
The permeability reduction observed in Figure 10.7 for the aged samples therefore results 
from a concurrent reduction in both oxygen solubility and diffusivity. These results can 
be ideally rationalized within the framework of the partial immobilization model [42], 




Table 10.5. Sorption coefficients for oxygen at 35°C in amorphous PEF from pressure-decay 











a 0.048 0.079 ± 0.005 
Aged 0.047b 0.063 ± 0.004c 
a: Reproduced from Chapter 6. 
b: Aged during sequential sorption testing at 45, 55, and 65°C (cf. Table 10.1). 




 Inspection of Table 10.5 also reveals that the k
*
 for the aged sample has decreased in 
magnitude but has not yet reached the true kD value measured from sorption testing. This 
observation indicates that while the glass has indeed aged via relaxation of a portion of 
the non-equilibrium excess free volume, some excess free volume still remains in the 
glass. A graphical representation of this notion is provided in the idealized specific 
volume vs. temperature diagram discussed previously in Figure 10.6. Further evidence 
for the presence of residual excess free volume in the aged sample is observed from 
sorption measurements by the reduced but still non-zero CH’ for the aged sample as noted 
in Table 10.4. The fact that some excess free volume remains at 35°C is not surprising, 
especially when considering the extraordinary time-scales needed for aging to occur at 
temperatures significantly below Tg. 
 A final note should be mentioned regarding the difference in aging temperatures used 
for permeation testing (55°C) and sorption testing (65°C). While the aging temperatures 
were not the same for both methods, the final transport results are indeed complementary. 
For example, aging at the maximum temperature of 55°C for the permeation-tested 
samples reduces the oxygen permeability at 35°C when compared to the original 
permeability at 35°C for the unaged sample. Transient permeation measurements on the 
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aged samples further reveal a reduction in k
*
 when compared to the respective value for 
the unaged samples, and the oxygen diffusion coefficients estimated via pressure-decay 
sorption reflect a drop in diffusivity for the aged vs. the unaged samples. These 
observations are consistent with a reduction in free volume for the aged vs. the unaged 
sample, which was proven to occur in the previous section via experimental density 
measurements. Alternatively, aging at the maximum temperature of 65°C for the 
sorption-tested samples produces a reduction in overall oxygen solubility at 35°C for the 
aged sample compared to the corresponding transport data at 35°C for the unaged sample. 
This reduction can be further analyzed within the context of the idealized dual-mode 
model, where reduction in CH’ for the aged sample suggests a decrease in excess free 
volume when compared to the unaged sample. In conclusion, the oxygen permeation and 
sorption results reported in the current work provide independent and complementary 
confirmation regarding the free volume reduction mechanism of physical aging in glassy 
PEF. 
 
10.4. Summary and Conclusions 
 Physical aging in amorphous poly(ethylene furanoate) (PEF) was studied using three 
complementary techniques. Enthalpic recovery experiments were recorded after aging at 
various temperatures and times using differential scanning calorimetry (DSC). Separate 
samples were used for each aging temperature/time combination to avoid excessive 
degradation associated with repeated thermal cycling at elevated temperatures. The 
resultant heat capacity curves measured during heating through the glass transition 
temperature after aging were numerically integrated and benchmarked against the 
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integrated area for the unaged heat capacity curve to provide an estimate for the enthalpic 
recovery. The latter values corresponding to aging at the maximum time (i.e., 1500 min) 
were compared to the theoretical maximum enthalpy loss, thereby illustrating that only 
the three highest aging temperatures (75, 78, and 81°C) reached the theoretical maximum 
value within the timescale of the measurements.  
 Density measurements performed on unaged PEF and PEF aged for 12 days at 65°C 
provide an estimate for the specific volume, which can be used in conjunction with the 
occupied volume obtained via group contribution methods to estimate the free volume 
within the glassy matrix. Not surprisingly, specific volume measurements on the aged 
sample reveal a reduction in free volume when compared to the unaged sample. 
 Oxygen permeation measurements on aged and unaged PEF reveal a reduction in 
permeability of ~16% at 35°C for PEF samples sequentially aged at 45 and 55°C. This 
permeability reduction can be rationalized when examined within the context of the free 
volume-permeability correlation set forth by Lee [17] and discussed further by Park and 
Paul [38]. Complementary pressure-decay sorption experiments reveal a reduction in CH’ 
for the aged vs. the unaged sample, while the additional kD and b dual mode model 
parameters remain effectively unchanged. The latter results are fully consistent with the 
aged sample exhibiting reduced free volume when compared to the unaged sample. The 
data reported in this chapter provide a first examination of the physical aging properties 
of amorphous PEF, and further corroborate the notion that physical aging in glassy 
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DIFFUSION COEFFICIENT MODELING: APPLICATIONS  






 The transport performance of new polyester resins can be evaluated through 
gravimetric or pressure-decay kinetic sorption experiments, as described in previous 
chapters; however, estimation of model parameters can be challenging. Accurate 
diffusion coefficient determination is particularly difficult, as applications of the time-
dependent diffusion equation yield non-intuitive infinite series solutions. Furthermore, 
complex diffusion processes often produce intractable models which require either short- 
or long-time approximations for parameter estimation. This chapter circumvents such 
approximations by describing a modeling methodology useful for fitting complex infinite 
series solutions directly to experimental kinetic sorption data. Two specific modeling 
cases pertaining to polyester films are used to validate the methodology. Furthermore, the 
diffusion coefficients estimated from kinetic sorption in Chapters 6, 7, and 9 were all 
determined using the MATLAB
®
 procedure described in this chapter. 
 
11.1. Introduction 
Poly(ethylene terephthalate) (PET) has long been the industry standard for water and 
carbonated beverage containers [1]. Although PET has many desirable properties, an 
insufficient barrier to oxygen limits applications to more demanding markets such as fruit 
juice, beer, and vitamin water containers [2]. Evaluating the performance of more 
                                                 
1
Reprinted in part from Burgess, S.K.; Kriegel, R.M.; Koros, W.J., Diffusion Coefficient Modeling in 
Polyester Barrier Materials: Applications of Infinite Series Solutions, Society of Plastics Engineers 
ANTEC Proceedings, Las Vegas, Nevada, 2014, pgs. 830 – 835. 
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advanced resins to replace PET can be accomplished by estimating the permeability (P) 
through combination of the sorption (S) and diffusion (D) coefficients, as discussed 
previously in Chapter 2 (cf. Section 2.1). Kinetic sorption experiments are particularly 
useful for transport evaluation, as both D and S parameters can be determined through 
time-dependent penetrant uptake and equilibrium uptake, respectively. While accurate 
solubility coefficients are easily measured from the equilibrium penetrant uptake, 
modeling of the time-dependent approach to equilibrium can introduce large errors in the 
diffusion coefficient. Furthermore, significant errors in D can result when applying a 
simple Fickian model to diffusion cases where non-Fickian relaxations, non-constant 
boundary conditions, or combinations of the two factors are present. 
The current chapter describes a MATLAB
®
 based modeling technique for 
determining accurate diffusion coefficient information from complicated experimental 
kinetic sorption data, thus improving the accuracy of permeability predictions derived 
from this method. Kinetic sorption data have been collected via a pressure-decay method 
for oxygen and carbon dioxide, and as discussed previously, a simple normalization 
procedure allows a common framework for analysis by converting the raw data into the 
form of mass uptake at time t (Mt) divided by the mass uptake at infinite time (M∞). Once 
normalized, the kinetic sorption curves can be modeled using known infinite series 
solutions of the time-dependent diffusion equation and relevant model parameters 
determined through using a widely available non-linear least squares fitting routine. Since 
the infinite series solutions are discretized in MATLAB
®
, hundreds of terms in the 
infinite summation can be easily used to accurately approximate the model. Fickian 
models for non-constant and constant boundary conditions in films, cylinders, and 
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spheres can also be incorporated into more complicated diffusion models which take into 
account non-Fickian relaxations, such as the Berens-Hopfenberg model discussed in 
Chapter 9. 
The proposed method evaluates relevant model parameters after application of the 
discretized analytical model to the entire data set, and does not rely on short- or long-time 
analytical approximations as typically used in past methods [3]. The method described in 
this chapter therefore provides a more accurate estimation of the effective diffusion 
coefficient which is uncomplicated by confounding long-term relaxations or sample 
geometry considerations. The end result is a more realistic prediction of barrier properties 
through the relationship P = DS, which was introduced in Chapter 2. The methodology is 
demonstrated and validated for two specific modeling cases involving diffusion in an 
infinite sheet: simple Fickian diffusion with constant boundary conditions (O2 in PET), 
and non-Fickian diffusion coupled with a variable boundary condition (CO2 in PEF). 
 
11.2. Materials and Experimental Methods 
 The poly(ethylene furanoate) (PEF) and poly(ethylene terephthalate) (PET) polymers 
used in this chapter are the same materials described previously in Section 3.1.1, and all 
amorphous films were melt-pressed using the method in Section 3.1.3. All transport 
measurements reported herein for PEF and PET reflect data corresponding to the 
amorphous morphology. 
Kinetic sorption data for O2 and CO2 were measured by the standard pressure-decay 
method at 35°C, which is described in Chapter 3. Since the pressure-decay method 
records pressure in the sample cell versus time, it is possible for highly sorbing penetrants 
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to cause a significant drop in pressure from the start to end of the experiment. For such 
cases, the concentration of gas at the polymer surface will not be constant throughout the 
diffusion process and the variable pressure must be taken into consideration during 
diffusion modeling, as discussed for the case of CO2 sorption in PEF in Chapter 7. 
Alternatively, oxygen exhibits low solubility in PET, and consequently, a constant 
boundary condition during the diffusion process is valid as discussed in Chapter 6. 
 
11.3. Diffusion Equations 
The differential equation used to describe diffusive transport of a penetrant in a 
polymer is shown in Equation 11.1, which represents diffusion in an isotropic material 










 (11.1)  
 
Where D is the diffusion coefficient (cm
2
/s), Ci is the mass or molar concentration of 
species i, and div represents the divergence. Equation 11.1 simplifies to Equation 2.45 
(discussed previously) for diffusion in an infinite sheet and where D is constant. The 
three infinite series solutions utilized in this chapter are discussed in detail in Chapter 2 
(cf. Section 2.4), but are reproduced in this chapter for convenience. From Section 2.4.1, 
the simple Fickian solution of the time-dependent diffusion equation is provided in 
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  (11.2)  
 
 From Section 2.4.2, the Fickian solution of the time-dependent diffusion equation 
with a flux boundary condition is provided in Equations 11.3 – 11.5, where the subscript 
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 (11.5)  
 
 From Section 2.4.4, the Berens-Hopfenberg (BH) representation can be described via 
Equation 11.6, where k = 1/τR and the subscripts F and BH represent the Fickian and 
Berens-Hopfenberg formalisms, respectively. 
 
 








       
   
 (11.6)  
 
 The LV model in Equation 11.3 can be substituted into the BH representation from 
Equation 11.6 to produce Equation 11.7, which can describe complex diffusion cases that 
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require accommodation of both the flux boundary conditions and superposition of non-
Fickian relaxations. As a note, the infinite series solution in Equation 11.7 still requires 
Equations 11.4 and 11.5 to completely specify the general solution. 
 
 
    
,








       
   
 (11.7)  
 
 Although seemingly complex, all diffusion models presented thus far in Equations 





11.4. Modeling Methodology 
 The raw pressure-decay data vs. time can be transformed via Equation 3.3 (discussed 
previously) into a non-dimensional form that can be modeled using the solution of the 
time-dependent diffusion equation in Equations 11.2 – 11.7. In addition to transforming 
the pressure data, the time data (in seconds) must exist such that t = 0 represents the 
beginning of the diffusion process. Once transformed, the data can be saved into an 
empty excel file (currentData.xlsx) such that the time data resides in the “A” column and 
the Mt/M∞ data in the “B” column. Upon initializing MATLAB
®
, the “xlsread” command 
is used to import the normalized kinetic sorption data. This command imports the data 
into MATLAB
®
 such that the “x” matrix contains the time data and the “y” matrix 




    A = xlsread('currentData.xlsx'); 
    x = A(:,1); 
    y = A(:,2); 
 
 The proposed modeling technique uses a widely available non-linear least squares 
fitting routine available on the MathWorks website [5]. This routine, entitled “easyfit,” is 
useful because it applies any user-defined function to the entirety of the experimental 
dataset and returns the relevant model parameters based on the optimized fit. The 
command shown below is a simplified syntax for the easyfit routine, where pbest is the 
matrix containing the output model parameters (i.e., D for the Fickian model), x and y 
represent the experimental kinetic sorption data (which have already been imported into 
MATLAB
®
 using the xlsread command), [IG] represents the matrix containing the initial 
guess of the model parameters, and @function represents the function name for the user-
defined function. 
 
    [pbest]=easyfit(x,y,[IG],@function) 
 
 The remaining step is to define the function file that the routine will use to fit the 
desired model to the experimental data. Shown below is the function to implement the 
simple Fickian model with constant boundary conditions from Equation 11.2. The U 
matrix in the function syntax represents the matrix containing the adjustable model 
parameters (i.e., D is the only adjustable parameter for the simple Fickian case). In the 
function code, U(1) represents the first adjustable model parameter, or the diffusion 
coefficient. The dimension of the [IG] matrix and U matrix must be the same. For 
example, since there are three adjustable parameters in the BH model from Equation 11.6, 
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the [IG] matrix will take the form of [value, value, value] and the adjustable parameters 
will take the form of U(1), U(2), and U(3) in the respective code. The benefit of using a 
function file to represent the model rests in the ability to discretize the infinite summation 
by using a “for” loop, where the number of terms in the infinite series can be changed by 
altering the number of iterations in the loop. 
 
 
    function y=Fick(U,x)  
    L = 0.00226;               %Half-film thickness in cm 
    Sum = 0; 
    for i = 0:1:100;           %Number of terms in the infinite series 
         m = 8/(pi^2*(2*i+1)^2)*exp(-U(1)*(2*i+1)^2*pi^2*… 
         x./(4*L^2)); 
         Sum = m + Sum; 
    end 
    y = 1 - Sum; 
    end 
 
 
 Once the function file has been defined, the following syntax can be used to apply the 
Fickian model directly to the experimental data:  
 
    [pbest]=easyfit(x,y,[1e-9],@Fick) 
 
 After executing the fitting routine, the MATLAB
®
 output will be the [pbest] matrix 
and a graph of the optimized model plotted along with the experimental data. The [pbest] 
matrix contains the optimized values of the adjustable parameters from the selected 
model, i.e., [pbest] will contain one value for the simple Fickian fit and three values for 
the BH fit.  
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 Extension of the function file to represent solutions of more complex diffusion 
problems is straightforward. For CO2 diffusion in PEF, the application of either Equation 
11.3 or 11.7 requires solution of the transcendental equation in Equation 11.4. The non-
repeating, positive solutions of Equation 11.4 can be computed using MATLAB
®
’s fzero 
command, where the following code stores the first “n” positive solutions of Equation 
11.4 into the vector qn. 
 
 
   n = 100; 
   ep = 1e-4; 
   qn = zeros(1,n); 
   for i = 1:n  
       qn(i) = fzero(@(q) tan(q)+alpha*(q),[pi/2+(i-1)*pi+ep     
       pi/2+i*pi-ep]);    
   end 
 
 
 Calculation of qn can be included in the larger function file specific to Equation 11.7. 
Accordingly, the function file for modeling CO2 diffusion in PEF in the presence of non-
Fickian relaxations is provided on the next page, where the adjustable parameters for the 
BH-LV model from Equation 11.7 are assigned as follows: U(1) = D (cm
2
/s), U(2) = φF, 








   function y = BH_LV(U,x) 
   L = 0.0107;                   %Half-film thickness in cm 
   alpha = 2.0329;            %Obtained experimentally from Equation 11.5 
   n = 100;     %Number of terms in the infinite series 
 
   ep = 1e-4; 
   qn = zeros(1,n) 
   for i = 1:n                   %Calculating solutions of Equation 11.4 
    qn(i) = fzero(@(q) tan(q)+alpha*(q),[pi/2+(i-1)*pi+ep  
     pi/2+i*pi-ep]);    
   end 
 
    Sum = 0; 
   for i = 0:1:n-1; 
        m = 2*alpha*(1+alpha)/(1+alpha+alpha^2*qn(i+1)^2)* 
        exp(-U(1)*(qn(i+1))^2*x./L^2); 
        Sum = m + Sum; 
   end 
   w = 1 - Sum; 
   y = U(2)*w + (1 - U(2))*(1 - exp(-U(3)*x./1));  %BH model 
   end 
 
 
 Computational execution of the BH-LV model from Equation 11.7 is performed by 
the following command: 
 
 
          [pbest]=easyfit(x,y,[5e-10,1,5e-7],@BH_LV) 
 
 
 The output from executing this command is a graph of the model along with the 
experimental data and the [pbest] matrix, which now contains three optimized values. 
Care should be taken when selecting the initial values for the [IG] matrix. Since this 
procedure utilizes a non-linear least squares fitting routine, poorly selected initial guesses 
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can yield non-physical model results. Minor trial and error is recommended to verify the 
accuracy of the modeling results. As an example, a good initial value for the diffusion 
coefficient in the BH or BH-LV model is the optimized value obtained after modeling the 
simple Fickian fit to the model data. A good initial value for φF is usually 1 or 0.5, based 
on the nature and magnitude of deviations from the Fickian fit in Equation 11.2 [6], and a 
good initial value for k is ~1 10-5 1/s for relaxation in glassy polymers. Clearly, 
optimized model outputs of φF which are negative or greater than one are non-physical 
and the initial guess parameters should be adjusted. In some cases, initial guesses of φF 
and k in the BH model can be obtained independently by the long-time approximation 
procedure outlined by Patton et al. [7].  
 
11.5. Results and Discussion 
11.5.1. Fickian Diffusion: O2 in PET 
 As discussed in Chapter 6, the Fickian model from Equation 11.2 is valid for 
modeling O2 diffusion in both PEF and PET. Example O2 sorption data for PET from 0 to 
3.6 atm is provided in Figure 11.1 (recall that a similar plot is provided for O2 sorption in 
PEF from 0 to 1.1 atm in Figure 6.5). As mentioned in Chapter 6, the pressure-decay data 
are slightly noisy due to the low solubility of O2 in polyester barrier materials (i.e., the 
pressure drop from beginning to end of sorption is only ~0.6 psia in this example). The 
diffusion coefficient for O2 in PET at 35°C determined via this methodology is 






Figure 11.1. O2 sorption in amorphous PET at 35°C. Equation 11.2 is represented by the 
red curve. 100 terms were used in the infinite series, D = 6.3 10-9 cm2/s, and the film 
thickness is 45.2 ± 0.8 μm. 
 
 
11.5.2. Non-Fickian Diffusion: CO2 in PEF 
 As described in Chapter 7, the Fickian solution combined with the flux boundary 
conditions (i.e., Equations 11.3 – 11.5) is adequate for modeling CO2 diffusion in PEF at 
low pressure (i.e., <0.5 atm), in the absence of non-Fickian relaxations. Pressure-decay 
data recorded at higher CO2 pressures, however, reflected the presence of non-Fickian 
relaxations. Modeling such complex behavior can be accomplished via Equation 11.7, 
which can effectively describe diffusion cases that require accommodation of both the 
flux boundary conditions and superposition of non-Fickian relaxations. 
 To illustrate the utility of the proposed MATLAB
®
 technique, it is useful to compare 
the CO2 diffusion coefficients obtained from all three modeling equations described thus 
far against the same dataset. Figure 11.2 shows the simple Fickian model fit from 
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Equation 11.2 plotted against experimental CO2 sorption data for PEF measured between 
0 to 0.82 atm CO2 (which is >0.5 atm, and therefore induces non-Fickian relaxations in 
the uptake curve). Figure 11.3 shows the same experimental CO2 uptake data along with 
the BH model fit from Equation 11.6, and Figure 11.4 illustrates the BH-LV model fit 
from Equation 11.7. The film thickness corresponding to the data in Figures 11.2 – 11.4 is 
215 ± 1 μm, α is 2.03 (determined experimentally from Equation 11.5), and the higher 
sorption of CO2 in PEF vs. O2 in PET yields an improved signal-to-noise ratio for the 
CO2 pressure-decay data in Figures 11.2 – 11.4 compared to the O2 data in Figure 11.1. 
Relevant model parameters for all three diffusion models are provided in Table 11.1, 
along with a comparison between the calculated CO2 permeability from P=DS (i.e., both 
D and S are estimated from the same pressure-decay sorption dataset) and the actual 







Figure 11.2. CO2 sorption in amorphous PEF at 35°C between 0 to 0.82 atm. The Fickian 
model from Equation 11.2 is represented by the red curve, and 100 terms were used to 
approximate the infinite series. 
 
 
Figure 11.3. CO2 sorption in amorphous PEF at 35°C between 0 to 0.82 atm. The Berens-
Hopfenberg (BH) model from Equation 11.6 is represented by the red curve, and 100 




Figure 11.4. CO2 sorption in amorphous PEF at 35°C between 0 to 0.82 atm. The BH-LV 
model from Equation 11.7 is represented by the red curve, and 100 terms were used to 
















1.4e-10 1.7e-10 1.0e-10 
φF (-) — 0.87 0.91 















 A visual comparison of Figures 11.2 – 11.4 reveals that the BH-LV model provides the 
best fit to the experimental CO2 sorption data. The applicability of the BH-LV model is 
also demonstrated in Table 11.1, where the permeability calculation (i.e., P=DS) resulting 
from using the D from the BH-LV model exhibits only 4.2% error for the calculated 
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permeability compared to the experimental permeability, while the Fickian and BH 
models exhibit 42% and 81% errors for the calculated permeability compared to the 
experimental permeability, respectively. The errors in the permeability calculation 
resulting from using the incorrect diffusion model are therefore significant, and can be 
avoided by application of the correct diffusion model via the method described in this 
chapter. As a side note, the experimental permeability utilized in Table 11.1 (i.e., Pexp = 
0.027 Barrer) was measured at 1 atm CO2, and provides a meaningful comparison to the 
permeability calculated from the kinetic sorption data measured at ~0.82 atm CO2. 
 
11.6. Summary and Conclusions 
Accurate determination of transport parameters, including the sorption and diffusion 
coefficients, is important for estimating penetrant permeability from kinetic sorption data. 
The methodology described in this chapter provides a framework for applying complex 
infinite series diffusion models to experimental kinetic sorption data, with special 
applicability to complex diffusion models.  
The proposed MATLAB
®
 modeling technique has only been illustrated for two 
diffusion cases corresponding to the infinite sheet sample geometry; however, the 
methods described in this chapter are applicable to more complex geometries and to 
analogous heat conduction problems. The only requirement is that the analytical solution 
of the partial differential equation be known, and that all experimental parameters 
required by the model are accurately characterized (accurate sample dimensions, α from 
Equation 11.5, etc.). Tabulated solutions of the diffusion equation are provided by Crank 
[3], while tabulated solutions of the analogous heat conduction equation are provided by 
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Carslaw and Jaeger [10]. Additional discussion regarding the MATLAB modeling 
technique is provided in Appendix E, along with MATLAB
®
 code useful for describing 
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 As noted in Chapter 1, the overarching goal of this dissertation was to develop a 
fundamental understanding of penetrant transport in: 1) caffeine antiplasticized, 
amorphous poly(ethylene terephthalate) (PET), and 2) amorphous poly(ethylene 
furanoate) (PEF), which are industrially relevant polyester barrier materials. This chapter 
will discuss the most important contributions of this thesis, and will conclude with 
recommendations for future research. 
 
12.1. Summary of Contributions 
12.1.1. PET/Caffeine Antiplasticization (Chapter 4) 
 The first portion of this thesis focused on investigating the effect of caffeine 
antiplasticization of amorphous PET on the resultant barrier, thermal, and mechanical 
properties vs. neat PET. Much time was initially spent developing a method to 
homogeneously mix PET with caffeine via melt-processing at high temperature, with the 
additional goal of preventing measurable thermo-oxidative polymer degradation. As 
described in Chapter 3, an extensive procedure for cleaning the batch mixer was also 
developed to prevent contamination between batches. Once mixed, all PET/caffeine 
batches were processed into amorphous films by methods described in the literature [1, 
2]. 
 Multiple characterization techniques were used to investigate the effect of caffeine 
antiplasticization of amorphous PET. The study presented in Chapter 4 is unique for PET, 
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since it provides relevant transport, mechanical, density, and thermal property data for the 
mixed PET/caffeine samples as a function of caffeine content. Such data provide insight 
into the evolution and interrelated nature of the aforementioned properties as a function 
of caffeine content, and provide a more detailed understanding of antiplasticization as a 
tool for PET barrier property enhancement. Specifically, the permeability reductions for 
antiplasticized PET vs. neat PET were observed to originate from reductions in both 
solubility (i.e., via “hole-filling”) and diffusivity (i.e., via hindered phenyl ring-flipping), 
since logically, the two mechanisms are interrelated.  
 
12.1.2. Characterization of PEF Compared to PET (Chapters 5 – 10) 
 The bulk of this thesis has been devoted to understanding the fundamentals of 
transport in PEF, which is the recently introduced furanic, bio-sourced alternative to PET 
with greatly enhanced barrier properties and attractive thermal and mechanical properties. 
The significant property enhancements for PEF compared to PET are surprising, 
especially when considering the structural similarity between the two polyesters. In fact, 
it was this structural similarity, combined with the large reduction in oxygen permeability 
of 10X for PEF vs. PET [3], that provided the initial motivation for examining PEF in 
this thesis. 
 The fundamental chain mobility study for PEF compared to PET in Chapter 5 
revealed, via dynamic mechanical and solid-state NMR methods, that the polymer furan 
ring-flipping motions in PEF are hindered compared to the “mobile” phenyl ring-flipping 
motions in PET. Such reductions in chain mobility for PEF are closely related to the 10X 
reduction in oxygen permeability for PEF vs. PET, and explain the large differences in 
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oxygen transport between the two polyesters, despite the similarity in structure.  
 The comprehensive transport studies for oxygen and carbon dioxide in Chapters 6 and 
7, respectively, provide both temperature and pressure dependent permeation and sorption 
data for amorphous PEF. These studies are unique, due to the extensive cross-verification 
of the reported transport parameters as performed via complementary permeation and 
pressure-decay sorption techniques. Moreover, a custom-built, high accuracy pressure-
decay sorption system was developed to enable accurate uptake measurements for gases 
with low solubility in PET and PEF (i.e., oxygen). The data presented in Chapters 6 and 7 
provide the first detailed reports of non-condensable penetrant transport in PEF. 
 Aside from “non-condensable” gas transport (i.e., oxygen and carbon dioxide), it is 
also important to understand the transport behavior of water in both PEF and PET. Such 
data are provided via the equilibrium and kinetic investigations in Chapters 8 and 9, 
respectively, which utilized three independent gravimetric water sorption techniques to 
cross-verify the accuracy of the reported data. Furthermore, sorption measurements at 
multiple temperatures allowed determination of the relevant transport energetic 
parameters (i.e., apparent enthalpy of sorption and apparent activation energies of 
diffusion and permeation) for water in both polyesters. Similar to the oxygen and carbon 
dioxide data in Chapters 6 and 7, the data for water in Chapters 8 and 9 provide the first 
detailed reports of water transport in PEF compared to PET. 
 In addition to studying the three most relevant penetrants for beverage containers 
(i.e., oxygen, carbon dioxide, and water), it is also important to understand the physical 
aging properties of the amorphous glass. Preparation of an amorphous glass was simple 
for PEF, since the reduced chain mobility for PEF vs. PET discussed in Chapter 5 
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correlates with a reduction in crystallization rate compared to PET. Such reality allowed 
for the study in Chapter 10, which provided a detailed investigation of the physical aging 
properties of amorphous, glassy PEF via complementary thermal, volumetric, and oxygen 
transport characterization techniques. The data in Chapter 10 provide the first aging study 
for PEF, and illustrate, using complementary techniques, that physical aging in PEF 
occurs via the time-dependent reduction in excess free volume. 
 
12.1.3. Diffusion Coefficient Modeling (Chapter 11) 
 As discussed in Chapters 2 and 3, kinetic sorption data measured via pressure-decay 
sorption and gravimetric sorption techniques can be modeled using solutions of the time-
dependent diffusion equation. Estimation of model parameters can be challenging, 
however, since complex diffusion processes often require complicated models with 
multiple fitting parameters. Chapter 11 addressed this challenge by describing a modeling 
methodology useful for fitting complex infinite series solutions directly to experimental 
kinetic sorption data. The utility of the modeling methodology was further illustrated via 
direct application to the kinetic sorption data provided in Chapters 6, 7, and 9. 
 
12.2. Recommendations for Future Work 
12.2.1. Antiplasticization of Semicrystalline/Oriented PET 
 The antiplasticization data in Chapter 4 were measured using amorphous samples to 
eliminate the complicating effects of crystallinity and orientation; however, such effects 
are present in typical beverage containers. It will be of great interest to understand the 
effect of antiplasticization on the three phase model of crystallinity in PET [4], and to 
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investigate the synergy in transport reduction that can be realized via combination of both 
antiplasticization and crystallization phenomena [5].   
 While not investigated in the current work, it is hypothesized that glassy mixtures of 
PEF and caffeine will not exhibit the same antiplasticization properties as observed for 
the PET/caffeine samples. Such hypothesis is logical for PEF, since the furan ring-
flipping motions are already hindered in PEF vs. PET (cf. Chapter 5), and since the 
transport reductions in antiplasticized PET result primarily from caffeine hindering the 
phenyl ring-flipping motions compared to neat PET. It would be useful, however, to 
experimentally verify this notion. 
 
12.2.2. Penetrant Transport in Semicrystalline/Oriented PEF 
 The transport data from Chapters 6 – 9 for amorphous PEF provide a first look into 
the interesting transport properties for PEF compared to PET in the absence of 
crystallinity and orientation; however, transport data corresponding to semicrystalline and 
oriented PEF are undoubtedly necessary, since blow-molding introduces such 
complicating features. It will be of further interest to investigate the applicability of the 
idealistic two-phase model of crystallinity [6, 7] to PEF, since it has already been shown 
that deviations from such ideal behavior exist for PET [4]. 
 Additional investigation into the two-phase model of crystallinity for PEF can also be 
accomplished via complementary volumetric (i.e., density), X-Ray diffraction, and 
thermal (i.e., modulated DSC) investigation of semicrystalline vs. amorphous PEF as 
described by Lee for PET [1]. Data from the aforementioned techniques can be further 
evaluated in light of transport data measured for semicrystalline samples to help 
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determine the applicability of the idealized two-phase model for PEF. 
 
12.2.3. Multicomponent Penetrant Transport  
 All penetrant transport data for PET and PEF reported in the current work represent 
pure component measurements; however, conditions involving multicomponent transport 
are ubiquitous in real-world beverage container applications. Specifically, it is of interest 
to investigate the transport properties of combined O2/CO2 feeds in both PET/caffeine 
and PEF materials in the amorphous and semicrystalline/oriented morphologies, with the 
subsequent introduction of additional feed components (i.e., H2O, and potentially 
methanol to simulate flavor molecules [8-10]). Such evaluation would provide a better 
understanding of transport in PET/caffeine and PEF materials as it relates to real-world 
beverage container applications. 
 
12.2.4. PET/PEF Blends and Copolymers 
 The data reported in this thesis, up to this point, have focused on either PET/caffeine 
blends or PEF samples, with no mention regarding PET/PEF blends or copolymers; 
however, data pertaining to such mixtures are important since PEF will eventually enter 
the PET recycle stream. Preliminary data regarding PET/PEF blends and copolymers are 
provided in Appendix H, and illustrate that blends of PET and PEF are surprisingly 
compatible after mixing in the melt state using the same mixing procedure described in 
Chapter 3. The thermal data reported in Appendix H further illustrate that blends of PET 
and PEF can be “compatibilized” via transesterification of the polymer chains resulting 
from extended exposure to high temperature [11, 12]. In addition to pure component 
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transport data, measurements involving multicomponent feeds (as described in the 
previous section) will also be useful for evaluating the transport performance of such 
blends and copolymers in real-world applications. 
 
12.2.5. Barrier Susceptibility to Flavor Scalping 
 “Flavor scalping” is the terminology used to describe the unwanted removal of flavor 
compounds from a packaged food/beverage by means of absorption into the plastic 
container [13]. While secondary in importance compared to the overall transport 
performance of O2, CO2, and H2O, it is still necessary to understand the resistance to 
flavor scalping of the PET/caffeine and PEF barrier materials studied in this work. Such 
investigation can be performed via transport studies involving small, low molecular 





1. Lee JS. Fundamentals of Transport in Advanced Barrier Materials Based on 
Engineered Antiplasticization. Chemical and Biomolecular Engineering. Atlanta: 
Georgia Institute of Technology, 2011. 
2. Lee JS, Leisen J, Choudhury RP, Kriegel RM, Beckham HW, and Koros WJ. 
Antiplasticization-based enhancement of poly(ethylene terephthalate) barrier 
properties. Polymer 2012;53:213-222. 
3. Avantium - PEF bottles. http://avantium.com/yxy/products-applications/fdca/PEF-
bottles.html. 
4. Lin J, Shenogin S, and Nazarenko S. Oxygen solubility and specific volume of rigid 




5. Burgess SK, Lee JS, Mubarak CR, Kriegel RM, and Koros WJ. Caffeine 
Antiplasticization of Amorphous Poly(ethylene terephthalate): Effects on Gas 
Transport, Thermal, and Mechanical Properties. Polymer 2015, DOI: 
10.1016/j.polymer.2015.03.051. 
 
6. Michaels AS, Vieth WR, and Barrie JA. Solution of Gases in Polyethylene 
Terephthalate. Journal of Applied Physics 1963;34(1):1-12. 
7. Michaels AS, Vieth WR, and Barrie JA. Diffusion of Gases in Polyethylene 
Terephthalate. Journal of Applied Physics 1963;34(1):13-20. 
8. Chandra P. Chemical and Biomolecular Engineering, vol. PhD. Atlanta: Georgia 
Institute of Technology, 2006. 
9. Chandra P and Koros WJ. Sorption and transport of methanol in poly(ethylene 
terephthalate). Polymer 2009;50:236-244. 
10. Lee JS, Chandra P, Burgess SK, Kriegel R, and Koros WJ. An advanced gas/vapor 
permeation system for barrier materials: Design and applications to poly(ethylene 
terephthalate). Journal of Polymer Science Part B: Polymer Physics 
2012;50(17):1262-1270. 
11. Kimura M, Porter RS, and Salee G. Blends of poly(butylene terephthalate) and a 
polyarylate before and after transesterification. Journal of Polymer Science: Polymer 
Physics Edition 1983;21(3):367-378. 
12. Huang ZH and Wang LH. Infrared studies of transesterification in poly(ethylene 
terephthalate)/polycarbonate blends. Die Makromolekulare Chemie, Rapid 
Communications 1986;7(5):255-259. 
13. Sajilata MG, Savitha K, Singhal RS, and Kanetkar VR. Scalping of Flavors in 
Packaged Foods. Comprehensive Reviews in Food Science and Food Safety 
2007;6(1):17-35. 
14. Moaddeb M and Koros WJ. Effects of orientation on the transport of d-limonene in 
polypropylene. Journal of Applied Polymer Science 1995;57(6):687-703. 







SUPPORTING INFORMATION FOR CHAPTER 4  






A.1. FTIR of PET and PET/Caffeine Films 
 The FTIR spectra for films of virgin PET and PET mixed with ~15 wt% caffeine are 
provided in Figure A.1, where the characteristic double carbonyl peak for caffeine at 
~1700 cm
-1




Figure A.1. FTIR spectra for virgin PET and PET/caffeine (i.e., caffeine content ~15 wt%). 
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A.2. Permeation Data vs. Caffeine Concentration 
The permeability data for oxygen and carbon dioxide plotted in Figures 4.1 and 4.2 
can be re-plotted to more clearly demonstrate the permeability reductions vs. caffeine 
concentration. Accordingly, the oxygen permeability data at 1 atm are plotted in Figure 
A.2 vs. caffeine concentration along with additional data measured by Lee [1], with the 
corresponding data for carbon dioxide plotted in Figure A.3. The solid lines in Figures 
A.2 and A.3 represent quadratic regressions to the data, and appear to indicate that the 
permeability data are approaching a minimum that exists at a higher caffeine 
concentration than ~10.7 wt% caffeine. This behavior is consistent with the trend in 
DMA results reported in Figure 4.10, which appears to indicate that a minimum value for 
the activation energy of the beta relaxation occurs at a concentration near ~15 wt%. It is 
hypothesized that a transition to plasticization behavior will occur at some caffeine 
concentration slightly greater than 15 wt%; however, caffeine concentrations greater than 




Figure A.2. Oxygen permeability at 1 atm and 35°C for various PET/caffeine samples. The solid 
line represents a quadratic regression to the data. 
wt% Caffeine





























 Figure A.3. Carbon dioxide permeability at 1 atm and 35°C for various PET/caffeine samples. 
The solid line represents a quadratic regression to the data. 
 
 
A.3. Effect of Antiplasticization on the Effective Solubility Coefficient for CO2 
Additional insight regarding the effect of caffeine antiplasticization on gas solubility 
can be obtained by complementary permeation testing. The effective solubility 
parameters measured via transient permeation (i.e., k* = 6θP/l
2
) and pressure-decay 
sorption (i.e., k* = kD + CH’b) reflect solubility contributions from both the Henry’s law 
and Langmuir environments, and consequently, typically exhibit positive deviations from 
the true Henry’s law parameter (kD) measured via pressure-decay sorption [2-4]. 
Solubility coefficients for carbon dioxide measured in the current work via sorption (kD 
and k* = kD + CH’b) and permeation (k* = 6θP/l
2
) are provided in Table A.1. As seen in 
Table A.1, the effective solubility coefficients (k*) measured via permeation and sorption 
decrease with increasing caffeine content, while the true kD values measured via sorption 
remain essentially unchanged. The former notion is consistent with reduced sorption in 
the Langmuir mode for the caffeine-containing samples, and corroborates the “hole-
filling” notion of caffeine antiplasticization discussed in the main paper. Furthermore, 
wt% Caffeine


























1 atm, 35°C 
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satisfactory agreement is observed between the k* values measured from the independent 
permeation and pressure-decay sorption methodologies. 
 
Table A.1. Carbon dioxide solubility coefficients measured at 35°C via pressure-decay sorption 
(i.e., kD and k* = kD + CH’b) and transient permeation (k* = 6θP/l
2
) for various PET/caffeine 
samples. 





k* (sorp, k* = kD + CH’b) 
(ccSTP/ccPoly·atm) 




0 0.93 ± 0.04 1.7 ± 0.3 1.4 ± 0.01 
3.6 ± 0.2 0.92 ± 0.1 1.5 ± 0.9 1.3 ± 0.03 
7.4 ± 0.2 0.89 ± 0.02 1.5 ± 0.2 1.2 ± 0.02 
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B.1. Temperature Dependence of Dual-Mode Model Parameters 
The dual-mode model parameters listed in Table 6.2 are plotted in Figures B.1 and 
B.2 vs. temperature, and exhibit the expected negative correlation with increasing 
temperature. The Langmuir capacity constant (CH’), which is associated with the excess 
free volume of the polymer, is expected to approach a value of zero near the glass 
transition temperature (Tg). From Figure B.1, it is apparent that the linear extrapolation of 
CH’ will intersect the temperature axis at a value somewhat higher than the reported Tg of 
85°C for PEF measured via DSC [1]. This “overshoot” in CH’ past the polymeric Tg has 
also been observed for CO2 in semicrystalline PET [2], although the overshoot for CO2 in 
PET is less pronounced than in the current study. Consequently, it is not understood why 
CH’ does not intersect the temperature axis closer to Tg for the case of O2 in PEF.  
Aside from CH’, the low pressure effective solubility coefficient (k*) should approach 
the true solubility coefficient for the dissolved mode (kD) near Tg, and the two parameters 
will be equal above Tg due to the absence of the Langmuir sorption environment. This 
trend is represented in Figure B.3 by the semi-logarithmic van’t Hoff plots of k* and kD.   
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Reprinted in part from Polymer, 55/18, Burgess, S.K.; Karvan, O.; Johnson, J.R.; Kriegel, R.M.; Koros, 
W.J., Oxygen Sorption and Transport in Amorphous Poly(ethylene furanoate), 4748-4756, Copyright 2014, 













Figure B.3. Van’t Hoff plot of the true kD and k* approximation from sorption testing. 
 
Temperature (°C)











































































































ΔHD = -12.8 ± 3.0 kJ/mol 
ΔHS,eff = -16.5 ± 1.2 kJ/mol 
356 
 
Similar to kD, the Langmuir hole affinity parameter b also represents an equilibrium 
constant and is subject to the same van’t Hoff interpretation as described previously in 
Equation 2.6. Respective apparent enthalpy of sorption values, which represent the 
enthalpy difference between the sorbed and gaseous state, can therefore be obtained for 
the dissolved species (ΔHD) and the Langmuir species (ΔHb). Figures B.3 and B.4 
illustrate the van’t Hoff representations for kD and b, respectively, yielding values of -12.8 
± 3.0 kJ/mol for ΔHD and -9.8 ± 7.9 kJ/mol for ΔHb. In contrast to CO2 in PET [2], the 
enthalpy of O2 sorption in the dissolved mode of PEF is actually lower than the Langmuir 
mode by ~3 kJ/mol. This behavior is interesting, since sorption via dissolution is 
postulated to include the endothermic process of chain separation to form the penetrant-
sized holes [3], while this endothermic step is not needed during exothermic sorption in 
the preexisting microvoids of the Langmuir environment [2, 4, 5]. A lower value of ΔHD 
than ΔHb has also been observed for the case of a polyimide containing residual solvent 
[4], and this trend is predicted in certain mixed gas systems containing highly sorbing 
penetrants [6]. Further examination of Figure B.4 reveals significant scatter, and as a 






Figure B.4. Thermodynamic van’t Hoff plot of the Langmuir affinity parameter b for O2 in 
amorphous PEF.  
 
 
B.2. Partial Immobilization Model Interpretation 
The partial immobilization model representations of the permeability and diffusivity 
are provided in Equations 2.33 and 2.34, respectively, with addition details provided in 
Chapter 2. As mentioned in Section 6.4.1, the pressure independence of the O2 
permeability in Figure 6.1 does not necessarily reflect total immobilization (i.e., F≈0); 
rather, a weak pressure dependence is expected for even large values of F due to the low 
solubility of O2 in PEF. The critical temperature and penetrant size can act as qualitative 
indicators for the likelihood of penetrant immobilization in the Langmuir environment, 
where large penetrants with high critical temperatures are prone to apparent 
immobilization. The limit of total immobilization has been approached for methanol in 
PET at 35°C [7], benzene in PET at 40°C [8], and SO2 in Kapton polyimide at 25°C [4], 
which is not surprising when considering the large penetrant sizes and higher critical 

















ΔHb = -9.8 ± 7.9 kJ/mol 
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for benzene and methanol, partial immobilization is observed at 35°C via F values of 
0.093 and 0.071 for amorphous [7] and semicrystalline [9] PET, respectively. Following 
this trend, O2 should have a higher mobility than methanol, benzene, and CO2 in the 
Langmuir environment of PET due to the smaller diameter and significantly lower critical 
temperature. 
Very little reported data exists on the dual-mode characteristics of O2 transport in 
PET. Only one measurement of F has been reported in the literature [7], and as expected, 
a value of 0.213 for O2 in amorphous PET at 35°C is significantly higher than reported 
values for CO2 in PET [7, 9]. A value of F similar to that for O2 in PET might also be 
expected to represent O2 transport in amorphous PEF.  
 The pressure dependence of O2 permeability in PEF at 35°C will now be illustrated. 
The assumption is made that F arbitrarily equals a value of 0.20, which is similar to the F 
for O2 in amorphous PET. The partial immobilization model expression for permeability 
(Equation 2.33) can then be applied to the experimental permeability data at 35°C from 





represents the data. The experimental permeability data for O2 in PEF at 35°C is re-
plotted in Figure B.5, along with the model fit from Equation 2.33 assuming arbitrary 




/s.  Alternate values could be used; however, 
in any case, using these or any other reasonable combination in Figure B.5 illustrates that 
very little pressure dependence exists when using the partial immobilization model at the 
low site saturation conditions considered here. The large value of F is offset by the low 
values of K and b from Equation 2.33, thereby reiterating the impact of reduced 
gas/polymer interactions for the case of O2 in PEF. While no pressure dependence in 
359 
 
permeability was observed in the current study for O2 in PEF over the pressure range 
tested, it is expected that higher pressures would reveal the underlying trend of 
decreasing permeability. This was not pursued due to safety issues associated with long 




Figure B.5. O2 permeability in PEF at 35°C, re-plotted from Figure 6.1. The dashed line 






 In addition to permeability, the partial immobilization model can also explain the 
concentration dependence of the diffusion coefficients (DAvg) obtained from the kinetic 
sorption measurements in Section 6.4.3, as indicated via Equation 2.34 [8, 10, 11]. Figure 
B.6 shows the experimental O2 sorption data at 35°C vs. pressure, along with the partial 
immobilization model fit from Equation 2.34 and the arbitrarily assumed parameters F = 




/s discussed earlier for illustration purposes.  
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Figure B.6. Average diffusion coefficients (DAvg) from kinetic oxygen sorption in PEF plotted at 
the midpoint of each respective sorption interval. The dashed line represents the partial 
immobilization model fit from Equation 2.34 with the arbitrarily assumed parameters F = 0.20 






From Figure B.6, it is apparent that the partial immobilization model captures the 
general trend of increasing diffusion coefficient with pressure. Recall that the DAvg values 
in Figure B.6 were extracted from the application of Equation 6.6 to experimental 
pressure-decay data (cf. Figure 6.5). The low solubility of O2 in PEF causes an 
exceedingly low pressure differential from start to end of sorption after each successive 
interval of 1 atm O2, thus contributing to the error and scatter in DAvg values in Figure 
B.6.  
As noted above, the partial immobilization model parameters of F = 0.20 and DD = 
1.46 10-9 cm2/s were chosen arbitrarily to illustrate the almost negligible pressure 
dependence of both permeability and diffusivity resulting from the low critical 
temperature and low solubility of O2 in PEF. Although other combinations could fit the 
data, accurate determination of actual F and DD parameters for O2 in PEF was not 
allowed in the current study due to the small range of pressures tested. However, the 
Pressure (atm)


















From Equation 2.34 
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partial immobilization model is still a useful framework for understanding the transport 
behavior of O2 when considered in the broader context of transport in an important glassy 
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C.1. Temperature Dependence of the Dual-Mode Model Parameters 
As mentioned previously, the dual-mode model parameters from Table 7.2 are 
illustrated in Figures C.1 and C.2 as a function of temperature, thereby demonstrating a 
reduction in magnitude as a function of increasing temperature for all parameters. Linear 
extrapolation of the Langmuir capacity constant (i.e., CH’) to the temperature axis 
indicates that CH’ will approximately equal zero at a temperature near the reported glass 
transition temperature (Tg) of 85°C for amorphous PEF from Chapter 5. Such behavior is 
consistent with the relationship between CH’ and the excess free volume accessible to 
penetrant sorption in the glassy state, which effectively disappears at Tg during the 
transition to the rubbery morphology. Similar behavior has also been observed for carbon 
dioxide sorption in semicrystalline poly(ethylene terephthalate) (PET) [1].  
 
 
Figure C.1. Dependence of CH’ and b (from sorption) on temp for PEF (values from Table 7.2). 
                                                 
1
Reproduced in part with permission from Burgess, S.K; Kriegel, R.M.; Koros, W.J., Carbon Dioxide 
Sorption and Transport in Amorphous Poly(ethylene furanoate), Macromolecules, DOI: 10.1021/acs. 
macromol.5b00333, Copyright 2015 American Chemical Society. 
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Figure C.2. Dependence of kD and k* (from sorption) on temp for PEF (values from Table 7.2). 
 
 
Similar to the temperature-dependent behavior of k* determined via permeation (i.e., 
k* = 6θP/l
2
) reported in Figure 7.6, k* determined from sorption (i.e., k* = kD + CH’b) 
should also approach the limiting value of kD as temperature increases towards the Tg. 
Such behavior is illustrated in the van’t Hoff plot in Figure C.3, which includes estimates 
for the apparent enthalpy of sorption in the dissolved mode (i.e., ΔHD) and the apparent 
enthalpy of sorption in the combined Langmuir and dissolved environments (i.e., ΔHS,eff). 
 
 
Figure C.3. Van’t Hoff plot of kD and k* determined from sorption testing for carbon dioxide in 
PEF. 
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ΔHD = -20.5 ± 0.8 kJ/mol 
(true kD from sorption) 
(k* from sorption) 




 In contrast to the apparent enthalpy of sorption in the dissolved mode determined 
from kD, van’t Hoff analysis of the Langmuir affinity parameter can ideally yield the 
apparent enthalpy of sorption in the Langmuir environment (i.e., ΔHb). Such analysis is 
provided in Figure C.4, where the value of -15.9 ± 30 kJ/mol determined for ΔHb is 
similar in magnitude to the value of -20.5 kJ/mol determined for ΔHD. The apparent 
similarity in ΔHD and ΔHb values is not fully understood, since values of ΔHb are 
typically more exothermic than ΔHD in glassy polymers due to sorption in the Langmuir 
environment occurring in pre-formed penetrant-sized holes [2]. In fact, large uncertainty 
limits as determined via the fitting program exist for all b parameters reported in Table 
7.2, and consequently, this error is propagated into the estimate for ΔHb. Testing at 
additional temperatures would be required to validate the current trend. 
 A final note should be mentioned regarding the uncertainty limits for the energetic 
parameters determined via the Arrhenius and van’t Hoff representations employed in this 
chapter. The uncertainty limits were determined from regression analysis via the standard 
error of the slope, with exception to the limits for ΔHb and ΔHS,eff determined from b and 
k* (i.e., from sorption, k* = kD+CH’b), respectively. The latter two parameters exhibited 
unusually large uncertainties at all temperatures (cf. Table 7.2), which required the 
“propagation of such uncertainty” into the uncertainty estimate for the slope. 
Accommodation of this notion was achieved via application of a MATLAB
®
 routine 





Figure C.4. Van’t Hoff plot of b (i.e., Langmuir affinity parameter) for carbon dioxide in PEF.  
 
C.2. Partial Immobilization Model Interpretation 
The partial immobilization model representations of the permeability and diffusivity 
are provided in Equations 2.33 and 2.34, respectively, with addition details provided in 
Chapter 2. As seen in Equation 2.33, a value of F≈0 (i.e., DH≈0) will render the 
permeability expression independent of upstream pressure. Such behavior occurs in the 
limit of “total penetrant immobilization” within the Langmuir environment, which is 
often observed for transport of large, condensable species in glassy polymers (i.e., 
benzene in PET [5], methanol in PET [6], and sulfur dioxide in Kapton polyimide [7]). 
As noted in prior work [8], however, F cannot theoretically equal zero, since such reality 
would render the assumption of “transport equilibrium” between the two modes invalid.  
 Recall that the dual-mode parameters for carbon dioxide sorption in amorphous PEF 
at 35°C are reported in Table 7.2 of Chapter 7. These parameters, when incorporated into 
the partial immobilization model expression for permeability in Equation 2.33, provide a 





















permeability on pressure. The carbon dioxide permeability data at 35°C from Figure 7.1 
are re-plotted for illustration purposes in Figure C.5, along with the partial 
immobilization model expression from Equation 2.33 (dashed line). The optimized model 
parameters corresponding to carbon dioxide transport in amorphous PEF at 35°C were 







Figure C.5. Permeability at 35°C for CO2 in PEF (from Figure 7.1). Equation 2.33 is illustrated 







Inspection of Figure C.5 reveals that the partial immobilization model expression 
satisfactorily describes the dependence of permeability vs. pressure in the experimental 
data. The determined value of F = 0.3 is larger than expected, especially when 
considering that respective values for carbon dioxide permeation in various PET samples 
have been measured between 0.07 to 0.2 [6, 9, 10]. Such a large value of F = 0.3 for 
carbon dioxide in PEF appears to indicate a greater degree of carbon dioxide mobility 
between sorption modes within PEF compared to PET. This notion is potentially 
corroborated by the apparent similarity in ΔHD and ΔHb discussed previously for PEF, 
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CO2 at 35°C 




while ΔHb is notably more exothermic than ΔHD for carbon dioxide sorption in 
semicrystalline PET. This latter reality is consistent with the lower value of F reported for 
carbon dioxide in PET, which indicates a lower mobility between penetrants in the two 
sorption modes resulting from the more energetically favorable sorption in the pre-
existing microvoids than the dissolved environment.  
After determination of F and DD, Equation 2.34 can provide an estimate for the 
effective diffusion coefficient for carbon dioxide in PEF as a function of pressure. 
Diffusivity estimates from Equation 2.34 are plotted in Figure C.6 (dashed line), along 
with diffusivity estimates determined via application of Equation 7.7 to experimental 
kinetic uptake data at low pressure (circles). Actual diffusion coefficients were only 
measured at low pressure; however, as seen in Figure C.6, satisfactory agreement is 
observed between the estimates determined from Equation 2.34 and the experimentally 
determined values reported in Chapter 7. 
While not illustrated in this Appendix, partial immobilization model parameters were 
also determined for carbon dioxide transport in PEF at 45°C and 55°C. Values at 45°C 




/s, while values at 55°C were 




/s. As a consistency check, both F and 





Figure C.6. Diffusivities determined at 35°C for carbon dioxide in PEF via application of the 
Fick-LV model (Equation 7.7) to kinetic uptake data (hollow circles). The partial immobilization 
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D.1. Diffusion Model Justification 
 As mentioned in Chapters 3 and 9, uptake curves generated from the automated VTI 
instrument exhibit anomalous curvature at short times due primarily to lag introduced by 
the automated control scheme (cf. Figure 9.3). Such data were formally modeled using 
the framework established by Long and Richman [1], which implements an exponential 
approach to surface concentration at the film surface. In the original application of Long 
and Richman [1], Equations 2.52 and 2.53 were implemented to account for non-Fickian 
relaxations occurring in the polymer during vapor sorption. The model parameter τS 
therefore represents an intrinsic property of the material, and will vary based on the 
penetrant/polymer system being investigated. The current work differs from the original 
application, in that Equation 2.53 is implemented out of convenience to account for the 
lag introduced by the automated process control scheme of the VTI instrument. The 
automated VTI instrument operates by mixing two separate nitrogen streams, one 
completely humidified and the other dry, using differing respective flow rates to achieve 
the desired water activity. The resultant mixed stream is then split so that half flows into 
the chamber which contains the sample, and the other half flows into a separate reference 
chamber which contains an empty quartz basket. Additional details regarding operation of 
                                                 
1
Reprinted in part from Polymer, 55/26, Burgess, S.K.; Mikkilineni, D.S.; Yu, D.B.; Kim, D.J.; Mubarak, 
C.R.; Kriegel, R.M.; Koros, W.J., Water Sorption in Poly(ethylene furanoate) Compared to Poly(ethylene 
Terephthalate). Part 2: Kinetic Sorption, 6870-6882, Copyright 2014, with permission from Elsevier. 
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the VTI instrument are provided in Chapter 3. 
 A secondary cause of the anomalous sorption kinetics observed in the current work 
originates from possible variability in water concentration at the film surface due to large 
residence times of the carrier gas inside the sample chamber. This behavior is 
conceptually similar to that observed for a concentration step change in a continuous 
stirred tank reactor (CSTR). The residence time (τRes) for the carrier gas in the current 
work is defined as the volume of the sample chamber (cm
3
) divided by the volumetric 
flow rate of the carrier gas (cm
3
/min). The volume of the chamber is estimated to be ~152 
cm
3
 (~3.8 x 3.8 x 10.5 cm), and the combined wet/dry flow rate was automatically set at 
~427 cm
3
/min for all water activities. Calculation of the residence time for the carrier gas 
inside the sample chamber is straightforward and equals ~43 s (i.e., 152/(427/2)). The 
value of τRes is therefore lower than the value of ~133 s for τS averaged over the entire 
activity range during sorption and desorption in Figure 9.12, but still likely contributes to 
the overall anomalous kinetic behavior. Consequently, the τS parameter in Equation 2.53 
reflects contributions from both the process control lag and the secondary residence time 
effects associated with a step change in water activity. Additional investigation of this 
notion is provided in Table D.1, which provides DAvg and τS data measured for water in 
PEF using pure helium and pure argon as the carrier gas, in addition to nitrogen operated 
at lower flow rates via manual control. All data in Table D.1 were measured at 45°C 







Table D.1. DAvg and s values for water in PEF measured at 45°C during sorption between 0.1 – 
0.2 water activity. The total flow rate reflects combination of both dry and humid streams, which 
is split into two separate streams before entering the sample and reference chambers. 
Carrier gas 



















 4.0 102 ~43 
213
b
 4.0 102 ~86 
106
b
 4.2 278 ~173 
Helium 427
a
 4.2 48 ~43 
Argon 427
a
 3.9 70 ~43 
a: Measurements obtained using automated flow control. 
b: Measurements obtained using manual flow control. 




 As seen from Table D.1, values of DAvg and τS are similar in magnitude for all cases, 
with the possible exception being the τS value measured using the lowest nitrogen flow 
rate of 106 cm
3
/min. This behavior indicates that neither the carrier gas type nor the flow 
rate significantly impacts the anomalous contribution to the diffusion process. 
Furthermore, this behavior is consistent with the notion that the process control lag is the 
primary cause of the anomalous sorption behavior, with residence time effects likely 
existing as a secondary cause. These experiments further confirm the utility of Equations 
2.52 and 2.53 in the current work for removal of the non-physical “instrument-induced” 
anomalous behavior, thereby allowing extraction of more accurate intrinsic polymer 
parameters. 
 
D.2. Quartz Spring Diffusion Coefficient Data at 35°C 
 Diffusion coefficients obtained during water sorption at 35°C are provided in Figure 
D.1 for PEF (diamonds) and PET (circles) measured by the automated VTI system (solid 
374 
 
points) and the manual quartz spring system (hollow). The DAvg values in Figure D.1 are 
plotted at the midpoint of the sorption interval, and exhibit consistency between the two 
independent methods. 
 
Figure D.1. DAvg values for water in PEF (diamonds) and PET (circles) measured at 35°C by the 
automated VTI system (solid points) and the manual quartz spring system (QS, hollow points). 
 
 
D.3. Partial Immobilization Model Interpretation 
Diffusion of low-activity vapor in glassy polymers can often be described using the 
partial immobilization model (PIM), which is described in Chapter 2. As discussed in 
Chapter 8, simple dual-mode sorption behavior was observed for water at 35°C in both 
polyesters up to ~0.6 activity (cf. Figure 8.1). Values of the dual-mode model parameters 
needed to evaluate Equation 2.34 are provided in Table 8.1. The parameter F can vary 
from zero to one, where the former represents the limit of total penetrant immobilization 
within the Langmuir microvoids and the latter represents no immobilization. Values of F 
near zero are common for condensable gas and vapor transport in PET, such as benzene 
[2] and methanol [3], and it is expected that corresponding parameters for water in PET 
p/p
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and PEF will be analogously close to zero. Consequently, values of F ≈ 0 are assumed for 
water transport in both polyesters in the subsequent discussions. Figures D.2a and D.2b 
provide diffusion coefficient data for water in PEF and PET, respectively, at 35°C during 
initial sorption testing using the VTI instrument. The solid lines represent the optimized 









/s for water in PET. The dashed line represents 




Figure D.2. Diffusion coefficient data for H2O at 35°C in PEF (a) and PET (b) from Figures 9.6 









/s for PET. The dashed lines represent 0.6 activity. 
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 As seen in Figure D.2, the departure from simple dual mode behavior occurs at 
~0.033 atm (0.6 activity) for both polyesters and is consistent with plasticization-type 
behavior. However, independent permeation experiments are needed to truly confirm the 
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E.1. Truncation of an Infinite Decaying Series 
 As discussed in Chapter 11, 100 terms were used to numerically approximate the 
infinite series solutions in Equations 11.2, 11.3, 11.6, and 11.7. The use of only 100 terms 
to approximate the infinite series is well justified, in most cases, due to the functional 
form of the decaying exponential. Specifically, as “n” becomes large, the subsequent 
terms in the series added to the total sum become exceedingly small, thereby having less 
impact on the total sum. Furthermore, the error resulting from truncating the series is only 
realized at short times and manifests as a distinct departure from linearity in Mt/M∞ 
plotted as a function of (time)
1/2
. Figure E.1a illustrates the Mt/M∞ solution obtained from 
the simple Fickian solution in Equation 11.2 for diffusion in an infinite sheet, with 
multiple curves calculated using different numbers of terms to approximate the series. 
The graph depicted in Figure E.1b is an expanded view of the short time behavior to 
further illustrate the error associated with truncating the series. As seen in Figure E.1b, 
the difference between using 100 and 1000 terms to approximate the series is negligible, 








Figure E.1. Mt/M∞ plot calculated from Equation 11.2 for Fickian diffusion in an infinite sheet. 
Model parameters:   l = 0.178 cm, D = 1e-8 cm
2
/s, number of terms in the series: 1, 2, 5, 100, and 



































































n = 1000 (b)
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E.2. Diffusion Analysis—Finite Cylinder Geometry 
 This section will illustrate the process for modeling Fickian diffusion in a bounded 
cylinder geometry, which is useful for describing diffusion of ethylene glycol out of a 
cylindrical PEF pellet at high temperature during the solid-state polymerization process. 
The partial differential equation describing unsteady state diffusion in both the radial (r) 
and axial (x) cylinder dimensions is provided in Equation E.1 in terms of concentration 




    
  
    
C D C C
r D
t r r r x
 (E.1)  
 
 The penetrant concentration at the pellet surface can be assumed zero in this 
application, and a constant initial concentration throughout the pellet is chosen for the 
initial condition. Analytical solution of linear partial differential equations with non-
complex boundary conditions can be simplified via the principle of superposition. Using 
this technique, solving the original problem described in Equation E.1 (i.e., diffusion in a 
bounded cylinder) can be separated into two diffusion problems, viz., 1) solving the 
diffusion equation independently for an infinite sheet geometry, and 2) solving the 
diffusion equation independently for an infinite cylinder geometry. Superposition then 
dictates that the product of the solutions derived from the two simple domains will 
provide the solution over the combined, more restrictive domain (i.e., diffusion in the 
finite cylinder) [1]. The solutions for the two aforementioned simplified diffusion 
problems can be obtained by one of many analytical techniques, and are provided in 
Equations E.2 and E.3 for the infinite sheet and infinite cylinder geometries, respectively 
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[2]. Equation E.4 illustrates the product of Equation’s E.2 and E.3, and thereby represents 
the solution to Equation E.1 for diffusion in a bounded cylinder. 
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 (E.4)  
 
 In Equations E.2 – E.4, C  is the dimensionless concentration (C/Co), a is the cylinder 
radius, l is the cylinder half length, Jo is the Bessel function of the first kind (order zero), 
J1 is the Bessel function of the first kind (order one), and the αm’s are the non-repeating 
roots of Equation E.5. 
 
 
0( ) 0 mJ a  (E.5)  
 
 Equation E.4 is useful because it can be converted to an expression that describes the 
total penetrant mass loss from the cylinder as a function of time. This quantity can be 
calculated by integrating Equation E.4 over both spatial variables while using the 
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weighting factor “r” and normalizing the quantity by the integral of the weighting factor 
over the spatial domain. This integration is depicted in Equation E.6, where Mt is the 
penetrant mass loss from the cylinder at time “t” and M∞ is the equilibrium penetrant 
























 (E.6)  
 
 The expression in Equation E.6, after integrating over both spatial variables, can be 
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 Equation E.7 is useful, since it can be directly modeled to experimental penetrant 
mass loss data for a bounded, cylindrical pellet to yield a value for D, considering that all 
of the aforementioned assumptions are valid and M∞ is known. The accuracy of Equation 
E.7 can be verified by calculating and plotting the Mt/M∞ for an infinite sheet and infinite 
cylinder and comparing the results to the Mt/M∞ for the bounded cylinder. Using this 
approach, the graph of Equation E.7 should approach the graph of either the infinite sheet 
or infinite cylinder uptake curves depending on the model inputs for the radius and 
cylinder half length. Figure E.2 provides example plots of Mt/M∞ for a finite cylinder 
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(i.e., Equation E.7), infinite sheet (i.e., Equation 11.2), and infinite cylinder with model 
parameters provided in the figure caption. The MATLAB
®
 codes used to generate the 
curves in Figure E.2 are provided in the next section. 
 
 
Figure E.2. Example plots of Mt/M∞ for the finite cylinder, infinite sheet, and infinite cylinder 
geometries. Model parameters are: a = 0.133 cm, l = 0.178 cm, D = 1e-8 cm
2
/s, and 100 terms 
were used to approximate each infinite series. 
 
 The Mt/M∞ curves for the infinite sheet and infinite cylinder geometries were verified 
to agree with the corresponding values published in reference [2]. As a final check, the 
curve for the finite cylinder geometry did indeed converge onto the curve for the infinite 
sheet and infinite cylinder geometries when the radius and half length values were 
increased, respectively. 




























 Code for Plotting Infinite Series Solutions 
E.3.1. Infinite Sheet: Fickian (Equation 2.47) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Plots Mt/Minf for Equation 2.47 (Fickian diffusion in an infinite 
%%% sheet). File name "Sheet.m" 
  
clear; clc;       %Clear system memory 
  
% Define relevant model input parameters 
L = 0.0045;       % Film full thickness (cm) 
D = 6.8E-11;      % Diffusion coefficient (cm2/s) 
  
time = 400000;    % Total time of the diffusion process in seconds 
  
% Define the time step of the plotting function 
num_steps = 10000; 
dt = round(time/num_steps); 
terms = 100;      % Number of terms to approximate the infinite series 
  
% Pre-allocate space for the variable matrices 
m = zeros(num_steps+1,terms); 
t = zeros(num_steps+1,1); 
  
% Discretize the summation term 
for n = 1:1:num_steps+1; 
    t(n) = (n-1)*dt; 
    for i = 0:1:terms-1; 
        m(n,i+1) = 8/pi^2*1/(2*i+1)^2*exp(-D*(2*i+1)^2*pi^2*t(n)/L^2); 
    end 
end 
mtminf = 1 - sum(m')'; 
  
% Plot Mt/Minf vs. square root of time (i.e., sec^0.5) 
sqrtt = sqrt(t); 
plot(sqrtt,mtminf) 




% Plot the Mt/Minf vs. normalized time 












E.3.2.  Infinite Sheet: Fickian, Relaxations (Equation 2.55) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Plots Mt/Minf for Equation 2.55 (Diffusion in an infinite 
%%% sheet with non-Fickian relaxations). File name "Sheet_BH.m" 
  
clear; clc;     %Clear system memory 
  
% Define relevant model input parameters 
L = 0.0045;       % Film full thickness (cm) 
D = 6.8E-11;      % Diffusion coefficient (cm2/s)  
phi = 0.5;        % Weighting parameter  
k = 1e-6;         % Relaxation rate constant (1/s) 
  
time = 400000;    % Total time of the diffusion process in seconds 
  
% Define the time step of the plotting function 
num_steps = 10000; 
dt = round(time/num_steps); 
terms = 100;      % Number of terms to approximate the infinite series 
  
% Pre-allocate space for the variable matrices 
m = zeros(num_steps+1,terms); 
t = zeros(num_steps+1,1); 
  
% Discretize the summation term 
for n = 1:1:num_steps+1; 
    t(n) = (n-1)*dt; 
    for i = 0:1:terms-1; 
        m(n,i+1) = 8/pi^2*1/(2*i+1)^2*exp(-(2*i+1)^2*pi^2*D*t(n)/L^2); 
    end 
end 
y = 1 - sum(m')'; 
  
% Implement Berens-Hopfenberg framework 
mtminf = phi.*y + (1 - phi).*(1 - exp(-k.*t./1)); 
  
% Plot Mt/Minf vs. square root of time (i.e., sec^0.5) 
sqrtt = sqrt(t); 
plot(sqrtt,mtminf) 




% Plot the Mt/Minf vs. normalized time 









E.3.3. Infinite Sheet: Fickian, Limited Volume (Equation 2.49) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Plots Mt/Minf for Equation 2.49 (Fickian diffusion in an infinite 
%%% sheet--limited volume solution). File name "Sheet_LV.m" 
  
clear; clc;       %Clear system memory 
  
% Define relevant model input parameters 
L = 0.0045;       % Film full thickness (cm) 
D = 6.8E-11;      % Diffusion coefficient (cm2/s)  
alpha = 1;        % From Equation 2.51 (experimentally determined) 
  
time = 400000;    % Total time of the diffusion process in seconds 
  
% Define the time step of the plotting function 
num_steps = 10000; 
dt = round(time/num_steps); 
terms = 100;      % Number of terms to approximate the infinite series 
  
% Pre-allocate space for the variable matrices 
m = zeros(num_steps+1,terms); 
t = zeros(num_steps+1,1); 
  
% Solve the transcendental equation in Equation 2.50 
ep = 0.00001; 
qn = zeros(1,terms); 
for i = 1:terms  
   qn(i) = fzero(@(xD) tan(xD)+alpha*(xD),[pi/2+(i-1)*pi+ep pi/2+i*pi-
ep]);    
end 
  
% Discretize the summation term 
for n = 1:1:num_steps+1; 
    t(n) = (n-1)*dt; 
    for i = 0:1:terms-1; 
        m(n,i+1) = 2*alpha*(1+alpha)/(1+alpha+alpha^2*qn(i+1)^2)*exp(-
D*(qn(i+1))^2*t(n)*4/L^2); 
    end 
end 
mtminf = 1 - sum(m')'; 
  
% Plot Mt/Minf vs. square root of time (i.e., sec^0.5) 
sqrtt = sqrt(t); 
plot(sqrtt,mtminf) 




% Plot the Mt/Minf vs. normalized time 





E.3.4. Infinite Sheet: Fickian, Limited Volume, Relaxations (Equation 11.7) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Plots Mt/Minf for Equation 11.7 (Diffusion in an infinite sheet 
%%% with relaxations: limited volume solution). File name  
%%% "Sheet_LV_BH.m" 
  
clear; clc;  %Clear system memory 
  
% Define relevant model input parameters 
L = 0.0045;       % Film full thickness (cm) 
D = 6.8E-11;      % Diffusion coefficient (cm2/s)  
alpha = 1;        % From Equation 2.51 (experimentally determined) 
phi = 0.5;        % Weighting parameter 
k = 1e-6;         % Relaxation rate constant (1/s) 
  
time = 400000;    % Total time of the diffusion process in seconds 
  
% Define the time step of the plotting function 
num_steps = 10000; 
dt = round(time/num_steps); 
terms = 100;      % Number of terms to approximate the infinite series 
  
% Pre-allocate space for the variable matrices 
m = zeros(num_steps+1,terms); 
t = zeros(num_steps+1,1); 
  
% Solve the transcendental equation in Equation 2.50 
ep = 0.00001; 
qn = zeros(1,terms); 
for i = 1:terms  
   qn(i) = fzero(@(xD) tan(xD)+alpha*(xD),[pi/2+(i-1)*pi+ep pi/2+i*pi-
ep]);    
end 
  
% Discretize the summation term 
for n = 1:1:num_steps+1; 
    t(n) = (n-1)*dt; 
    for i = 0:1:terms-1; 
        m(n,i+1) = 2*alpha*(1+alpha)/(1+alpha+alpha^2*qn(i+1)^2)*exp(-
D*(qn(i+1))^2*t(n)*4/L^2); 
    end 
end 
y = 1 - sum(m')'; 
  
% Implement Berens-Hopfenberg framework 
mtminf = phi.*y + (1 - phi).*(1 - exp(-k.*t./1)); 
  
% Plot Mt/Minf vs. square root of time (i.e., sec^0.5) 
sqrtt = sqrt(t); 
plot(sqrtt,mtminf) 





E.3.5.  Infinite Sheet: Fickian, Exponential BC (Equation 2.53) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Plots Mt/Minf for Equation 2.53 (Fickian diffusion in an infinite 
%%% sheet with exponential time BC). File name "Sheet_Exp.m" 
  
clear; clc;  %Clear system memory 
  
% Define relevant model input parameters 
L = 0.0045;       % Film half thickness (cm) 
D = 2.4e-8;       % Diffusion coefficient (cm2/s)  
tauS = 500;       % Time constant to reach surface saturation (s) 
  
time = 40000;     % Total time of the diffusion process in seconds 
  
% Define the time step of the plotting function 
num_steps = 10000; 
dt = round(time/num_steps); 
terms = 200;      % Number of terms to approximate the infinite series 
  
% Pre-allocate space for the variable matrices 
m = zeros(num_steps+1,terms); 
t = zeros(num_steps+1,1); 
timeadd = zeros(num_steps+1,1); 
  
% Discretize the summation term 
for n = 1:1:num_steps+1; 
    t(n) = (n-1)*dt; 
    for i = 0:1:terms; 
    m(n,i+1) = 8/(pi^2)*(exp(-
D*(2*i+1)^2*pi^2*t(n)/(4*L^2)))/((2*i+1)^2*(1-
((2*i+1)^2*(D*tauS*pi^2/(4*L^2))))); 
    end 
    timeadd(n) = (exp(-
(1/tauS)*(t(n))).*((D*tauS/(L^2))^(1/2)).*(tan((L^2/(tauS*D))^(1/2)))); 
end 
mtminf = 1 - timeadd - sum(m')'; 
  
% Plot Mt/Minf vs. square root of time (i.e., sec^0.5) 
sqrtt = sqrt(t); 
plot(sqrtt,mtminf) 















E.3.6. Infinite Sheet: Fickian, Exponential BC, Relaxations (Equation 9.3) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Plots Mt/Minf for Equation 9.3 (Diffusion in an infinite sheet with 
%%% exponential time BC and relaxations). File name "Sheet_Exp_BH.m" 
  
clear; clc;  %Clear system memory 
  
% Define relevant model input parameters 
L = 0.0045;        % Film HALF thickness (cm) 
D = 2.4e-8;        % Diffusion coefficient (cm2/s)  
tauS = 500;        % Time constant to reach surface saturation (s) 
phi = 0.5;         % Weighting parameter 
k = 1e-6;          % Relaxation rate constant (1/s) 
  
time = 40000;    % Total time of the diffusion process in seconds 
  
% Define the time step of the plotting function 
num_steps = 10000; 
dt = round(time/num_steps); 
terms = 200;      % Number of terms to approximate the infinite series 
  
% Pre-allocate space for the variable matrices 
m = zeros(num_steps+1,terms); 
t = zeros(num_steps+1,1); 
timeadd = zeros(num_steps+1,1); 
  
% Discretize the summation term 
for n = 1:1:num_steps+1; 
    t(n) = (n-1)*dt; 
    for i = 0:1:terms; 
    m(n,i+1) = 8/(pi^2)*(exp(-
D*(2*i+1)^2*pi^2*t(n)/(4*L^2)))/((2*i+1)^2*(1-
((2*i+1)^2*(D*tauS*pi^2/(4*L^2))))); 
    end 
    timeadd(n) = (exp(-
(1/tauS)*(t(n))).*((D*tauS/(L^2))^(1/2)).*(tan((L^2/(tauS*D))^(1/2)))); 
end 
y = 1 - timeadd - sum(m')'; 
  
% Implement Berens-Hopfenberg framework 
mtminf = phi.*y + (1 - phi).*(1 - exp(-k.*t./1)); 
  
% Plot Mt/Minf vs. square root of time (i.e., sec^0.5) 
sqrtt = sqrt(t); 
plot(sqrtt,mtminf) 




% Plot the Mt/Minf vs. normalized time 





E.3.7. Infinite Cylinder: Fickian (Equation 5.23 in Ref. 1) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Plots Mt/Minf for Equation 5.23 in ref 1. (Fickian diffusion in an 
%%% infinite cylinder). File name "Cylinder_Infinite.m" 
  
clear; clc;  %Clear system memory 
  
% Define relevant model input parameters 
a = 0.133;           % Cylinder radius (cm) 
D = 1.1*10^-8;       % Diffusion coefficient (cm2/s)  
  
time = 4000000;      % Total time of the diffusion process in seconds 
  
% Define the time step of the plotting function 
num_steps = 10000; 
dt = round(time/num_steps); 
terms = 100;         % Number of terms to approximate the series 
  
% Pre-allocate space for the variable matrices 
m = zeros(num_steps+1,terms); 
t = zeros(num_steps+1,1); 
  
% Store the zeros of the J0 bessel function (code by Greg von Winckel: 
% available for download on the Mathworks website) 
Bzeros = besselzero(0,terms,1); 
alphaN = Bzeros/a;   % From Equation E.5 
  
% Discretize the summation term 
for n = 1:1:num_steps+1; 
    t(n) = (n-1)*dt; 
    for i = 1:1:terms; 
        m(n,i+1) = 4/(a^2*alphaN(i)^2)*exp(-D*alphaN(i)^2*t(n)); 
    end 
end 
mtminf = 1 - sum(m')'; 
  
% Plot Mt/Minf vs. square root of time (i.e., sec^0.5) 
sqrtt = sqrt(t); 
%plot(sqrtt,mtminf) 
















E.3.8. Bounded Cylinder: Fickian (Equation E.7) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Plots Mt/Minf for Equation E.7 (Fickian diffusion in a bounded 
%%% cylinder). File name "Cylinder_Bounded.m" 
  
clear; clc;  %Clear system memory 
  
% Define relevant model input parameters 
a = 0.133;          % Cylinder radius (cm) 
L = 0.178;          % Cylinder half length (cm) 
D = 1.1*10^-8;      % Diffusion coefficient (cm2/s)  
  
time = 4000000;     % Total time of the diffusion process in seconds 
  
% Define the time step of the plotting function 
num_steps = 10000; 
dt = round(time/num_steps); 
terms = 100;       % Number of terms to approximate the infinite series 
  
% Pre-allocate space for the variable matrices 
m1 = zeros(num_steps+1,terms); 
m2 = zeros(num_steps+1,terms); 
t = zeros(num_steps+1,1); 
  
% Store the zeros of the J bessel function (code by Greg von Winckel -- 
% available for download on the Mathworks website) 
Bzeros = besselzero(0,terms,1); 
alphaN = Bzeros/a; 
  
% Discretize the summation terms 
for n = 1:1:num_steps+1; 
    t(n) = (n-1)*dt; 
    for i = 1:1:terms; 
        m1(n,i+1) = 32/(pi*a*alphaN(i))^2*exp(-D*t(n)*alphaN(i)^2); 
        m2(n,i+1) = 1/(2*(i-1)+1)^2*exp(-D*t(n)*(2*(i-
1)+1)^2*pi^2/(4*L^2)); 
    end 
end 
mtminf = 1 - sum(m1')'.*sum(m2')'; 
  
% Plot Mt/Minf vs. square root of time (i.e., sec^0.5) 
sqrtt = sqrt(t); 
plot(sqrtt,mtminf) 











E.3.9. Plotting with a Non-uniform Time Domain 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% The following code defines a non-uniform time-domain, which allows 
%%% for more data points at short times, where the extra resolution is 
%%% often needed when the data are plotted vs. (time)^0.5. 
  
clear; clc;    % Clear system memory 
 
% Set time parameters -- Two time domains: more points at short times 
m = 4500000;      %Maximum time in seconds 
step = 10000;     %Step size in time 
  
t_low = 0:(step/5):(m/4);       % "Fine" time spacing at short times 
t_high = (m/4):step:m;          % "Coarse" time spacing at longer times 
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F.1. Activation Entropy of Penetrant Diffusion 
 As noted in Chapter 2, the pre-exponential factor for the Arrhenius relationship for 
diffusivity (cf. Equation 2.12) can be represented via Equation F.1, which is derived from 
transition state theory [1, 2]. Recall that λ is the diffusion path length during a diffusive 
“jump”, k is Boltzmann’s constant, h is Planck’s constant, R is the universal gas constant, 











 (F.1)  
 
 Table F.1 provides a compilation of relevant data for oxygen, carbon dioxide, and 
water diffusion in amorphous PEF and PET at 35°C. The diffusion coefficients originate 
from Table 7.6, and the corresponding values of λ in Equation F.1 were chosen to be the 









Table F.1. Diffusion data for carbon dioxide, oxygen, and water in amorphous PEF and PET at 
35°C. D values originate from Table 7.6. 
 Value at 35°C Oxygen Carbon dioxide Water 
PEF 
D   1010 (cm2/s) 10 0.72 17 
D0 (cm
2
/s) 0.044 0.068 0.21 
ED
a
 (kJ/mol) 44.6 52.0 47.1 
SD (J/mol∙K) +6 +11 +24 
 
PET 
D   1010 (cm2/s) 97 22 96 
D0 (cm
2








SD (J/mol∙K) +12 +17 +36 
a: ED estimates are from: Chapter 6 (O2), Chapter 7 (CO2), and Chapter 9 (H2O). 




 As seen in Table F.1, positive activation entropies of diffusion are observed for all 
penetrants in both PEF and PET. Such behavior is opposite to that observed for diffusion 
in carbon molecular sieve (CMS) materials [3], which have well defined pore structures. 
A negative value for the activation entropy indicates that the “activated” state during a 
diffusive “jump” exhibits less entropy than the ground state, and such result is logical in 
the context of pre-formed, well defined pore structures. Amorphous polymers, on the 
other hand, do not have pre-formed pore structures, and diffusive steps occur via 
complex, coordinated chain motions involving multiple neighboring chains [4, 5]. Such 
behavior is thought to contribute to the apparent positive activation entropies for PEF and 
PET reported in Table F.1. Additional information regarding the mechanics of diffusion in 
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EFFECT OF WATER SORPTION AT UNIT ACTIVITY ON THE THERMAL 





 As mentioned in Chapters 8 and 9, it is important to understand the effect of water 
sorption at unit activity on the thermal, mechanical, and barrier properties of neat PET 
and PEF since liquid water is present in the end-use application. This Appendix utilizes 
DSC, DMA, and a range of supplementary characterization techniques to investigate such 
effects on both dry and water-saturated PEF and PET. 
 
G.2. Materials and Characterization Methods 
 The poly(ethylene furanoate) (PEF) and poly(ethylene terephthalate) (PET) used in 
this Appendix are the same materials described previously in Section 3.1.1, and all films 
were melt-pressed using the method in Section 3.1.3. The “dry” samples were prepared 
via drying in a vacuum oven at 35°C at least overnight, while the “wet” samples were 
prepared via submerging in liquid water at 35°C for a time sufficient to allow for 
complete saturation (i.e., for a time significantly greater than the diffusion time-scale for 
water at unit activity as determined via the diffusion coefficient estimates provided in 
Chapter 9). 
 Differential scanning calorimetry (DSC) measurements were recorded using a TA 
Q1000 DSC instrument with heating and cooling rates of 20°C/min. Dynamic mechanical 
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analysis (DMA) measurements pertaining to the beta relaxation were recorded at sub-
ambient temperatures using the same procedure described in Chapter 4, and represent at 
least three measurements. Tensile measurements were recorded using a crosshead speed 
of 10 mm/min with an Instron 5566 instrument equipped with a 10,000 N load cell. 
Additional details regarding Instron testing are available in Chapter 3 (cf. Section 3.6.2). 
Details regarding the FTIR method (using a Perkin Elmer Spectrum 400 instrument) and 
X-Ray diffraction techniques can be found in Sections 3.7.2 and 3.7.3, respectively. 
 
G.3. Results and Discussion  
G.3.1. X-Ray Diffraction 
 X-Ray diffraction data corresponding to the wet and dry PEF and PET samples are 
provided in Figure G.1, and illustrate that water sorption at unit activity does not shift the 
peak location of the amorphous halo in both cases. Such notion is consistent with the 
small volume swelling (<4%) for both polyesters at unit activity reported in Chapter 8 
(cf. Table 8.2). 
 
 
Figure G.1. XRD patterns for PEF (a) and PET (b) in the wet and dry states. The samples are 
amorphous as indicated by the lack of sharp, crystalline peaks. 
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G.3.2. Infrared Spectroscopy (FTIR) 
 FTIR spectra between the range of 4000 to 3200 cm
-1
 for dry and wet PET and PEF 
were measured in both attenuated total reflectance (ATR) mode and transmission modes, 
with the absorbance data plotted in Figures G.2 and G.3, respectively. Corresponding 






















































Figure G.3. FTIR spectra (transmission mode) for PEF and PET in the dry and wet states. The 
film thickness values are as follows: PEF (0.17 mm, dry film; 0.15 mm, wet film), PET (0.16 
























































Table G.1. FTIR peak locations corresponding to “A, B, and C” in Figures G.2 and G.3.   









ATR 3638 3551 3445 
Transmission 3644 3551 3445 
Wet 
ATR 3635 3559 3444 




ATR 3629 3547 3432 
Transmission 3633 3550 3433 
Wet 
ATR 3628 3551 3432 
Transmission 3625 3556 3433 
 
 
 As seen in Figures G.2 and G.3, three dominant peaks appear in the spectra for both 
polyesters over the range 4000 to 3200 cm
-1
. The peak corresponding to “C”, which is the 
largest peak in the spectra for the dry polyesters, represents an overtone of the primary 
carbonyl stretching vibration mode [1, 2]. The peaks corresponding to “A” and “B” in 
Figures G2 and G.3 for the wet samples have been related to the anti-symmetric and 
symmetric vibration modes, respectively, for “doubly” hydrogen bonded water (as 
opposed to “free” water) [1, 3-5]. The presence of such strong FTIR peaks for the 
“bound” water in the wet polyester samples is surprising, since PEF and PET both have 
relatively small degrees of water uptake at unit activity (i.e., 1.9 wt% for PEF, 1.2 wt% 
for PET, from Figure 8.3). The FTIR notion that sorbed water within the polyesters is 
potentially “bound” (via hydrogen bonding) to the polar carbonyl or furan moieties 
instead of neighboring water molecules is useful, and can potentially give information 
regarding the presence or lack of water clustering (cf. Chapter 8) [4, 6]. Furthermore, the 
similarity of the FTIR spectra measured via the ATR method and transmission method is 
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satisfying, since the ATR method is known to probe only a thin surface layer of the 
polymer while the transmission method probes the entire thickness of the polymer film 
[3, 7].  
 
G.3.3. Differential Scanning Calorimetry 
 Preliminary glass transition temperature (Tg) measurements for PEF recorded via 
DSC indicate that water can cause a reduction in Tg of ~15°C for the wet, amorphous 
sample compared to the dry, amorphous sample. Similar plasticization effects have been 
observed in the literature for PET [8]; however, the Tg reduction for PET in the wet vs. 
dry state should ideally be less significant than for PEF due to the lower water uptake for 
PET at unit activity. Additional DSC measurements should be performed to verify the Tg 
reduction for PEF observed in the current work. 
 
G.3.4. Dynamic Mechanical Analysis 
 As discussed in Chapters 4 and 5, characterization of the polymeric sub-ambient beta 
relaxation can provide molecular level insight into the motional processes occurring in 
the glassy state. A plot of the beta relaxation curves for dry PET and PEF (from Chapter 
5) is provided in Figure G.4 via the solid lines, while corresponding curves for the 
hydrated polyesters are provided via the dashed lines. Data corresponding to the beta 
peak activation energy (EA), activation entropy (ΔS, cf. Equation 3.6), and beta “peak 








Figure G.4. DMA beta relaxations at 1 Hz for dry and wet PET and PEF films. 
 
 
Table G.2. DMA data corresponding to the sub-ambient beta (β) relaxation for wet and dry PEF 




β peak temp at 






0 –50 ± 1
a
 68 ± 2
a
 68 ± 9
a
 
1 –71 ± 1 52 ± 1 23 ± 7 
 
PET 
0 –61 ± 1
a
 72 ± 1
a
 102 ± 3
a
 
1 –69 ± 1 68 ± 3 96 ± 12 




 As seen in Figure G.4, the beta relaxation tan δ curve is significantly suppressed for 
the wet vs. dry PEF sample, while the peak suppression is less pronounced for PET. 
Inspection of Table G.2 also reveals that both the EA and ΔS values are significantly 
suppressed for wet vs. dry PEF, while the values are effectively unchanged for wet vs. 
dry PET. This behavior for PEF, when examined within the context of Starkweather [9-
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11], indicates that the dry polymer exhibits a larger degree of cooperativity in the small-
scale chain motional processes compared to the wet polymer. This result is interesting, 
since PEF already exhibits hindered chain mobility compared to PET. Recall from 
Chapter 5 that the furan ring-flipping motions in PEF are hindered compared to the 
phenyl ring-flipping motions in PET, while the carbonyl motions in both polymers are 
thought to be ideally unhindered. Within this context of increased chain rigidity for PEF 
vs. PET, it is possible that the carbonyl motions in PEF are effectively hindered by the 
formation of potential hydrogen bonds with sorbed water. Such behavior would reduce 
both the EA and ΔS values for wet vs. dry PEF, since the beta relaxation in PEF results 
primarily from the carbonyl motions (cf. Chapter 5). Hydrogen bond formation between 
water and the carbonyl moieties in PET is also probable; however, it is possible that the 
phenyl ring-flipping motions in glassy PET may disrupt the “hindering” effect that is 
apparently present for water sorbed in PEF. This notion is observed in Table G.2 by the 
similarity in EA and ΔS values for wet vs. dry PET. 
 The large reduction in EA and ΔS for wet vs. dry PEF is indeed surprising, especially 
since wet PEF at 35°C contains only 1.9 wt% water (cf. Figure 8.3). Additional proof that 
water is causing the reduction in EA and ΔS for wet vs. dry PEF is illustrated in Figure 
G.5, which provides DMA data corresponding to the beta relaxation for a wet PEF 
sample before and after “drying”. The solid line in Figure G.5 represents data 
corresponding to the wet sample, and the dashed line represents a second scan on the 
same film after isothermally holding (and by default, “drying”) the sample for 8 hours at 
40°C after the first temperature scan. The data in Figure G.5 therefore provide a direct 
investigation into the effect of water sorption on the beta relaxation in PEF, and eliminate 
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any complications which could arise from using separate samples.  
 
 
Figure G.5. DMA beta relaxation at 1 Hz for wet PEF (solid line) and “dried” PEF (dashed line) 
for the same film sample. The test strip was “dried” isothermally at 40°C for 8 hours after the first 
cycle, before cooling to -120°C and re-testing. Film thickness = 0.16 mm. 
 
 
 As seen in Figure G.5, the beta peak EA (54 kJ/mol) and peak location for the wet 
PEF sample are significantly suppressed compared to the “dried” sample, which has a 
much larger EA of 71 kJ/mol. The in situ “drying” step for the wet PEF film in the DMA 
instrument may not have removed all of the sorbed water in the film; however, the data in 
Figure G.5 clearly illustrate the impact of water on the sub-ambient relaxation in PEF. 
 The DMA data for wet vs. dry PEF in this Appendix are similar to the data reported in 
Chapter 4 for the PET/caffeine samples compared to neat PET. In light of the large 
reduction in EA and ΔS for wet vs. dry PEF in Table G.2, it can be hypothesized that water 
might exhibit a type of “antiplasticization” effect when sorbed in PEF. Such result would 
imply a reduction in short-time segmental chain mobility for wet vs. dry PEF, which still 
Temperature (°C)











Wet (EA = 54 kJ/mol)
“Dry” (EA = 71 kJ/mol)
(af ter 8 hr hold at 40°C)
β peak, 1 HzPEF
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allows for the increase in water diffusion coefficient vs. activity observed in Chapter 9, 
which is consistent with plasticization. In fact, it is possible for wet PEF to exhibit both 
antiplasticization and plasticization-type phenomena compared to dry PEF depending on 
the time-scale of testing. Further discussion regarding this notion is provided in the next 
section. 
 
G.3.5. Instron Tensile Testing 
 Instron tensile testing operates by applying a constant crosshead speed to a film 
sample and recording the resultant stress, and as a result, is fundamentally different 
compared to the oscillatory nature of DMA testing. As mentioned previously, wet PEF 
can exhibit both antiplasticization and plasticization-type phenomena compared to dry 
PEF depending on the time-scale of testing. For example, tensile testing using a “fast” 
crosshead speed could potentially indicate an increase in Young’s modulus (i.e., 
antiplasticization), while tensile testing using a “slow” crosshead speed could indicate a 
decrease in Young’s modulus (i.e., plasticization). Young’s modulus data measured at 
room temperature (20°C) using a crosshead speed of 10 mm/min are provided in Table 
G.3 for dry, wet, and “re-dried” PEF and PET. The “re-dried” films were prepared by 
drying wet films in a vacuum oven at 35°C for multiple days, to provide a control for the 
data corresponding to the wet and dry films. Instron data represent the average of at least 
six test specimens, and the Young’s modulus was estimated using the toe correction 
method described in ASTM D882. Complex modulus data measured at 20°C from DMA 
are also provided in Table G.3 as a consistency check for the Young’s modulus data 
measured via Instron testing. 
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Table G.3. Mechanical data at room temperature (20°C) for dry, wet, and re-dried PEF and PET. 
All data corresponds to the amorphous morphology.  
Sample 
(Instron) 
Young’s modulus (MPa) 
(DMA) 
Complex Modulus (MPa) 
PEF 
Dry 3400 ± 100 3390 ± 50  
Wet 3200 ± 60 – 
Re-dried 3130 ± 70 – 
 
PET 
Dry 2030 ± 30 2140 ± 20 
Wet 2010 ± 60 – 




 Inspection of Table G.3 reveals a slightly lower average Young’s modulus for the wet 
vs. dry PEF samples, which potentially indicates that plasticization is occurring for the 
wet samples as probed by a crosshead speed of 10 mm/min. Additional crosshead speeds 
need to be investigated to determine if faster speeds will reveal an increase in Young’s 
modulus for the wet vs. dry samples, which would indicate the presence of an 
antiplasticization-type phenomena for the hydrated samples. 
 
G.4. Summary and Conclusions 
 This Appendix investigated the effect of water sorption at unit activity on the 
resultant thermal and mechanical properties of PEF and PET. Infrared spectroscopy 
(FTIR) for the wet vs. dry polyesters revealed that water is ideally hydrogen bonded to 
the polar carbonyl moieties in PET or the polar carbonyl and furan moieties in PEF. 
Thermal investigation via DSC indicated a reduction in Tg for the wet vs. dry polyesters, 
and DMA investigation of the sub-ambient beta relaxation revealed a significantly lower 
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EA and ΔS for wet vs. dry PEF. DMA testing using wet PET should be repeated using 
thicker films to verify that significant water is not lost during the initial cooling step to 
sub-ambient temperature. Future testing should also involve Instron testing at faster 
crosshead speeds than utilized in the current work (i.e., 10 mm/min) to investigate if any 
antiplasticization-type phenomena is observed for wet vs. dry PEF. Permeation testing for 
gas feeds in the presence of water should also be conducted, since such antiplasticization 
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PET/PEF BLENDS AND COPOLYMERS: THERMAL, MECHANICAL,  





 As mentioned in Chapter 12, it is important to investigate the thermal, mechanical, 
and barrier properties of PET/PEF blends and copolymers, since PEF will eventually 
enter the PET recycle stream. This Appendix provides preliminary data that illustrate the 
unexpected miscibility of PET with PEF, and the subsequent transesterification reaction 
that occurs via high temperature treatment.  
 
H.2. Materials and Characterization 
 The PET used in this Appendix is the same polymer described previously in Section 
3.1.1, and the PEF was taken from two separate batches, with one being the same 
polymer characterized in Section 3.1.1. Specifically, the PEF batch not characterized in 
this thesis was used solely to illustrate the transesterification reaction as characterized via 
thermal analysis (cf. Figures H.1 – H.3, discussed later). All additional PEF data in this 
Appendix correspond to the PEF batch characterized in Section 3.1.1. 
 The PET/PEF blends in this Appendix were melt-mixed according to the procedure 
described in Section 3.1.2, and amorphous films were melt-pressed using the method in 
Section 3.1.3. All mechanical and transport data in this Appendix correspond to the 
amorphous morphology. PET/PEF copolymers were formed by taking a portion of the 
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PET/PEF mixed batches (i.e., blends) prepared via melt-mixing and thermally treating at 
300°C for 1 hour under vacuum, before melt-pressing according to the method described 
in Section 3.1.3. The blend samples were dried at 120°C for 24 hours under vacuum prior 
to the high temperature transesterification step to limit the effect of hydrolytic 
degradation, and the copolymer samples were subsequently stored at 35°C under vacuum 
overnight prior to melt-pressing. FTIR spectra for the 50/50 wt% PET/PEF blend 
exhibited excellent agreement with the 50/50 wt% PET/PEF copolymer, thereby 
providing confirmation that the heat treatment at 300°C did not significantly degrade the 
polymer.  
 Differential scanning calorimetry (DSC) measurements were recorded using a similar 
procedure to that described in Chapter 4 (i.e., ramp 0 to 280°C at 10°C/min, hold 
isothermally at 280°C for 1 min, followed by cooling from 280 to 0°C at 10°C/min), and 
represent the average of three measurements. Multiple heat and cool cycles were used to 
investigate the effect of PET and PEF transesterification on the relevant thermal 
transitions (crystal formation and melting), and provide a means to track the progress of 
copolymer formation. Dynamic mechanical analysis (DMA) measurements pertaining to 
the beta relaxation were recorded at sub-ambient temperatures using the same procedure 
described in Chapter 4, and represent four measurements for each blend composition and 
three measurements for the 50/50 wt% PET/PEF copolymer. 
 Density measurements for select PET/PEF blends and copolymers were measured at 
23°C using a density gradient column containing water and calcium nitrate, as discussed 
previously in Section 3.7.1. 
 Permeation and pressure-decay sorption data were measured for oxygen and carbon 
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dioxide in the 50/50 wt% PET/PEF copolymer according to the methods utilized in 
Chapters 4, 6, and 7. 
 
H.3. Results and Discussion 
H.3.1. Blend and Copolymer Solubility in DCM 
 It is commonly known that dichloromethane (DCM) is able to swell, but not dissolve 
PET. This notion was experimentally verified for neat PET and neat PEF by adding small 
pieces of amorphous film into separate vials containing DCM, after which the clear, 
amorphous polymer films crystallized and became opaque. Similar behavior was 
qualitatively observed for the 25/75, 50/50, and 75/25 wt% PET/PEF blends, thereby 
indicating the existence of distinct, pure polymer chains within the blend. On the other 
hand, amorphous films pressed from the PET/PEF blends (i.e., 25/75, 50/50, and 75/25 
wt% PET/PEF blends) which were thermally treated for 1 hour at 300°C under vacuum 
were completely soluble in DCM. Such notion indicates that the aforementioned 
PET/PEF blends have undergone chain transesterification, which produces a copolymer 
that is effectively unable to crystallize. Confirmation of this notion is provided in the next 
section via DSC characterization. 
 
H.3.2. Differential Scanning Calorimetry 
 The presence of blend compatibilization via polymer transesterification is provided 
by the DSC thermogram in Figure H.1, which illustrates three complete heat/cool cycles 
for a sample taken from the 90/10 wt% PET/PEF mixed batch (i.e., prior to film 
formation), followed by a fourth and final heating cycle. As seen in Figure H.1, both the 
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melt crystallization (Tmc) and subsequent melting peaks (Tm) are shifted to lower 
temperatures as a function of cycle number, indicating that the blend is becoming more 
“compatible” as a function of exposure to high temperature (i.e., 280°C). This notion is 
further illustrated in Figure H.2, which shows the thermogram for a sample from the 
same batch after holding isothermally at 280°C for one hour after the first heat.  
 
 
Figure H.1. Example DSC data illustrating multiple heat/cool cycles for the 90/10 wt% PET/PEF 
blend, with an isothermal hold of 1 min at 280°C after each heating cycle. 
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Figure H.2. Example DSC data for the 90/10 wt% PET/PEF blend. The sample was held 
isothermally at 280°C for one hour after the first heat, and 1 min for the subsequent heat. 
 
 
 As seen in Figure H.2, the Tmc for the “heat treated” blend (i.e., after exposure to 1 
hour at 280°C after the first heat) is lower than the Tmc’s illustrated in Figure H.1, thereby 
indicating that the reduction in Tmc for the 90/10 wt% PET/PEF blend occurs due to high 
temperature exposure. Furthermore, the Tmc in Figure H.2 appears to have reached a 
minimum value, since the Tmc for the second cycle is approximately the same as the Tmc 
from the first cycle. Such behavior indicates that the “crystallizability” of the PET/PEF 
blend is being reduced as the exposure time at high temperature increases, thereby 
providing evidence for the compatibilization of the blend via polymer transesterification. 
This trend is further illustrated in Figure H.3, which provides DSC data for the 50/50 
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Figure H.3. Example DSC data illustrating multiple heat/cool cycles for the 50/50 wt% PET/PEF 
blend, with an isothermal hold of 1 min at 280°C after each heating cycle. 
 
 
 Inspection of Figure H.3 reveals the presence of both a cold crystallization peak (Tcc) 
and melting (Tm) peak for the first heat cycle, while such features are absent for all 
subsequent cooling and heating cycles. This behavior indicates that the 50/50 wt% 
PET/PEF blend is effectively unable to crystallize after the limited high temperature 
exposure resulting from the first heat. Such data are consistent with the notion of 
copolymer formation via polymer transesterification, and corroborate the observed 
copolymer solubility in DCM described previously. 
 Glass transition temperature (Tg) data for the 25/75, 50/50, and 75/25 wt% PET/PEF 
“copolymers” are reported in Figure H.4, where the Tg values were recorded via the half-
Cp extrapolated tangent method on the fourth heat. The samples are referred to as 
“copolymers”, since the data represent measurements for the blends corresponding to the 
Temperature (°C)






















fourth heat and since only one heat was needed in Figure H.3 to induce transesterification 
in the 50/50 wt% PET/PEF blend. The heating rate employed in the Tg determination 
method is indicated in the figure, where a faster heating rate for amorphous PET (i.e., 
20°C/min) results in a slightly higher Tg value compared to the respective Tg values 
measured for the PET/PEF copolymers at a lower heating rate (i.e., 10°C/min). 
 
 
Figure H.4. Tg vs. wt% PEF for various PET/PEF “copolymers” measured on the fourth heating 
cycle. The heating rate employed in the Tg determination method is indicated in the figure. 
 
 It should also be mentioned that only one Tg was observed on the first heat for all 
PET/PEF blends observed in the current work, thereby indicating that the polymers are 
miscible without extensive transesterification to a domain size of at least ~15 nm [1]. 
Such notion should be verified, however, since it is often difficult to differentiate a single 
Tg for the blend when the pure polymer Tg’s are only ~10°C apart [1]. The apparent 
PET/PEF miscibility is further corroborated by the transparency in all amorphous 
PET/PEF blend films prepared in the current work, which indicates that the polymers are 
wt% PEF












2nd heat, 20 C/min
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“miscible enough” to avoid scattering light. The apparent blend miscibility between PET 
and PEF is indeed surprising, since vary few polymers are known to exhibit true 
miscibility [2]. 
 
H.3.3. Dynamic Mechanical Characterization 
 As discussed in Chapters 4 and 5, characterization of the polymeric sub-ambient beta 
relaxation can provide molecular level insight into the motional processes occurring in 
the glassy state. A plot of the beta relaxation curves for virgin PET and PEF (from 
Chapter 5) is provided in Figure H.5 via the solid lines, while corresponding curves for 
the various PET/PEF blends are provided via the dashed lines. The curve for the 50/50 
wt% PET/PEF copolymer is similar to the curve for the corresponding 50/50 blend, and is 
not shown in Figure H.5.  
 
 
Figure H.5. DMA beta relaxations at 1 Hz for virgin PET and PEF from Chapter 5 (solid lines), 
and various PET/PEF blends (dashed lines).  
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 A plot of the activation energy (EA) for the beta relaxation (cf. Equation 3.5) as a 
function of PEF content is provided in Figure H.5, where the solid circles represent the 
virgin polymers, the hollow circles represent the blends, and the hollow diamond 
represents the copolymer (which was prepared according to the method in Section H.2). 
Data corresponding to the EA, activation entropy (ΔS, cf. Equation 3.6), and beta “peak 
max” temperature are provided in Table H.1. 
 
 
Figure H.6. DMA beta peak EA vs. wt% PEF for various amorphous films. Solid circles indicate 
virgin polymers (i.e., not Brabender-processed), hollow circles indicate blends, and the hollow 




































Table H.1. Mechanical data from DMA pertaining to the sub-ambient beta (β) relaxation for 
various PET/PEF film samples. 
 
wt% PEF 
β peak temp at 







 0 -61 ± 1 72 ± 1 102 ± 3 
Blends 
25 -64 ± 1 62 ± 2 61 ± 8 
50 -62 ± 1 59 ± 1 43 ± 5 
75 -58 ± 2 59 ± 1 38 ± 5 
Virgin
a
 100 -50 ± 1 68 ± 2 68 ± 9 
 
Copolymer 50 -60 ± 1 63 ± 2 62 ± 11 





  As seen in Figure H.6, the beta peak EA is surprisingly reduced for the all of the 
PET/PEF blends compared to the straight dashed line connecting the two solid points. 
Such behavior can be interpreted within the framework discussed in Chapter 5, which 
concluded that the large EA for pure PEF resulted from an apparent coupling of the 
carbonyl and furan moieties among neighboring chains. Such coupling between 
neighboring PEF chains is apparently lost when PEF is incorporated into a PET/PEF 
blend, where the presence of PET in the matrix effectively “disrupts” the interactions 
between neighboring PEF chains. This notion is further corroborated by the ΔS values 
reported in Table H.1, where smaller values of ΔS for the blends compared to the pure 
polymers indicate an apparent reduction in both complexity and neighboring chain-to-
chain coupling of the small-scale motional processes.  
 It is also interesting to note that the beta peak EA and ΔS for the 50/50 wt% PET/PEF 
copolymer is larger than that for the respective blend. Such notion, in the context of 
Starkweather [3, 4], appears to indicate a larger degree of cooperativity in the small-scale 
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motional processes for the copolymer compared to the blend. This behavior is perhaps 
logical, since the copolymer is naturally expected to exhibit a higher degree of 
compatibility (i.e., homogeneity) compared to the respective blend. 
 
H.3.4. Density and Free Volume Characterization 
 Density data can be used to investigate the presence or lack of volume additivity for 
the PET/PEF blends. Corresponding data for select PET/PEF blends and the 50/50 wt% 
PET/PEF copolymer are provided in Figure H.7, with the dashed line illustrating ideal 
volume additivity between the two pure components.  
 
 
Figure H.7. Density data measured at 23°C for various amorphous PET/PEF samples. Solid 
circles indicate virgin polymers (i.e., not Brabender-processed), hollow circles indicate blends, 
and the hollow triangle represents the 50/50 wt% PET/PEF copolymer. 
 
 
 As seen in Figure H.7, simple volume additivity is approximately valid for the blend 
and copolymer samples investigated in the current work. Data corresponding to the 
wt% PEF




















specific volume, occupied volume, free volume, and fraction free volume for the samples 
studied in this Appendix are provided in Table H.2 Details regard estimation of the 
parameters in Table H.2 are provided in Chapter 2 (cf. Section 2.3.6). 
 
 
Table H.2. Density and free volume calculations using Sugden’s method [5] for various PET/PEF 
blends and the 50/50 wt% PET/PEF copolymer at 23°C. 
 wt% PEF ρ (g/cc)
a
 ˆgV  (cc/g)
b
 
0V̂  (cc/g) 
ˆ
FV  (cc/g) FFV (–) 
Blends 
0 1.3372 0.748 0.652 0.096 0.129 
25 1.3597 0.735 0.637 0.099 0.134 
50 1.3794 0.725 0.622 0.103 0.142 
100 1.4299 0.699 0.592 0.107 0.154 
 
Copolymer 50 1.3783 0.726 0.622 0.104 0.143 
a: Uncertainty limits for ρ are  ± 4e-4 g/cc for all samples. 




H.3.5. O2 and CO2 Transport: 50/50 wt% PET/PEF Copolymer 
 Preliminary pressure-decay sorption data for oxygen and carbon dioxide in the 50/50 
wt% PET/PEF copolymer (i.e., “50/50_C”) at 35°C are provided in Figures H.8 and H.9, 
respectively, with the corresponding dual-mode model parameters from Equation 2.26 








































































Table H.3. Dual-mode model parameters at 35°C for oxygen and carbon dioxide sorption in the 















 0.059 0.055 0.78 0.102 
50/50_C 0.050 0.056 0.81 0.096 
PEF
a





 0.93 ± 0.04 0.50 ± 0.2 1.6 ± 0.4 1.7 ± 0.3 
50/50_C 1.0 ± 0.03 0.93 ± 0.2 1.9 ± 0.2 2.8 ± 0.4 
PEF
c
 1.2 ± 0.06 0.83 ± 0.3 1.9 ± 0.5 2.8 ± 0.7 




 As seen in Figures H.8 and H.9, the oxygen and carbon dioxide sorption isotherms for 
the copolymer exist within the upper and lower bounds set forth by the sorption isotherms 
for the pure polymers. This notion is also observed in Table H.3 via the similarity in dual-
mode model parameters for the copolymer compared to the parameters for the respective 
pure polymers. Further inspection of Table H.3 reveals that the effective low-pressure 
sorption coefficient (k*) for the copolymer is practically identical to that for pure PEF, 
despite the copolymer containing only 50 wt% PEF. This behavior is interesting, and is 
currently not fully understood at the current time. 
 Preliminary permeation data for oxygen and carbon dioxide at 6 atm in the 50/50 wt% 
PET/PEF copolymer (i.e., “50/50_C”) at 35°C are provided in Figures H.10 and H.11, 
respectively, along with the corresponding data for neat PET (Chapter 4) and neat PEF 
(Chapter 7). The dashed line in both figures represents the permeability prediction from 
Equation H.1 [2, 6], where ϕ represents the volume fraction, P represents the 
permeability, and the subscripts 1 and 2 represent the two components in the copolymer. 
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     1 1 2 2exp ln lnCopolymerP P P    (H.1)  
 
 
Figure H.10. Oxygen permeation data at 6 atm and 35°C in PET, PEF, and 50/50 wt% PET/PEF 




Figure H.11. Carbon dioxide permeation data at 6 atm and 35°C in PET, PEF, and 50/50 wt% 
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 Inspection of Figures H.10 and H.11 reveal that the preliminary permeability data for 
both oxygen and carbon dioxide at 6 atm are similar to the permeability prediction from 
Equation H.1, which is an empirical relationship commonly applied to miscible blends 
and copolymers [2, 6]. A negative departure from the permeability prediction in Equation 
H.1 can indicate a highly favorable interaction between the two components [2], 
however, such systems also often exhibit volume contractions upon mixing, and Figure 
H.7 indicates that little volume contraction is observed for the PET/PEF blend system. 
Preliminary diffusion coefficient data for the 50/50 wt% PET/PEF copolymer exhibit a 
similar trend to that reported for permeability in Figures H.10 and H.11; however, 
additional measurements need to be performed in order to verify the data. 
 
H.4. Summary and Conclusions 
 This Appendix focused on the preparation and characterization of various PET/PEF 
blends and copolymers. All PET/PEF blends investigated in this Appendix were shown to 
be miscible via thermal analysis (DSC), and the blends could be further compatibilized 
via polymer transesterification at high temperature. Dynamic mechanical analysis 
revealed that the blends exhibit a lower beta peak EA and ΔS vs. the pure polymers, which 
is consistent with the blends exhibiting a lower degree of cooperative motion between 
neighboring chains compared to the respective pure polymers. Volume additivity was 
observed via density measurements for the characterized blends, and the 50/50 wt% 
PET/PEF blend exhibited close agreement to the density for the respective copolymer. 
 Pressure-decay sorption measurements revealed that both oxygen and carbon dioxide 
sorption at low pressure in the 50/50 wt% PET/PEF copolymer were similar to the 
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respective uptake isotherms at low pressure for pure PEF, despite the copolymer 
containing only 50 wt% PEF. Preliminary oxygen and carbon dioxide data were measured 
for the 50/50 wt% PET/PEF copolymer, and were shown to be consistent with the 
commonly employed permeability prediction useful for modeling permeability in 
miscible blends and random copolymers. The preliminary transport data reported herein 
should be verified and extended to include data corresponding to the blends. Additional 
measurements at multiple temperatures for both the blends and copolymers would also be 
useful, and would provide insight into the differences in transport (if any) between 
miscible PET/PEF blends and copolymers. Additional information should also be 
obtained regarding the catalysts used to polymerize the PET and PEF used in this 
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 As discussed in Chapter 5, the hindered chain mobility for PEF compared to PET 
results in a slower crystallization rate compared to PET. Such behavior for PEF allowed 
for the aging study in Chapter 10, which investigated the thermal aging properties of 
amorphous PEF in situ within the differential scanning calorimetry (DSC) instrument. 
This appendix will further utilize DSC to investigate the isothermal crystallization 
properties of PEF, and provide a qualitative understanding of such phenomenon. 
 
I.2. Materials and Differential Scanning Calorimetry  
 The poly(ethylene furanoate) (PEF) used in this Appendix is the same material 
described previously in Section 3.1.1, and all films were melt-pressed using the method 
in Section 3.1.3. 
 DSC measurements were recorded using a TA Q1000 DSC instrument and the 
method provided in Table I.1. Film samples (~10 mg) were crimped into aluminum pans 
and heated to 300°C and held isothermally for 5 minutes to melt any residual crystal 
nuclei in the sample and to provide a common thermal history prior to characterization. 
After the isothermal step at 300°C, a fast cooling rate of 35°C/min was used to quickly 
cool the sample from the molten state to the isothermal crystallization temperature (Tc), 
after which the sample was held isothermally at Tc for 180 min. Crystal formation during 
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this isothermal step was monitored by the heat flow as a function of time, and 
crystallization was complete after the heat flow became approximately constant as a 
function of time. After crystallization, a final ramp to 300°C (cf. Step 8 in Table I.1) 
allowed characterization of the subsequent polymer crystal melting peaks and 
determination of the equilibrium melting point for PEF via the Hoffman-Weeks method 
[1]. Isothermal crystallization temperatures (Tc) investigated in the current work varied 
from 130°C to 185°C in increments of 5°C, with four separate PEF samples tested at each 
Tc. The uncertainty limits for all data in this Appendix originate from the standard error of 
four measurements. 
 
Table I.1. DSC method for measuring isothermal crystallization data for PEF. 
Step # Step Description 
1 Equilibrate at 40°C 
2 Ramp 35 C/min to 300°C 
3 Isothermal for 5 min 
4 Mark end of cycle 
5 Ramp 35°C/min to isothermal crystallization temperature (Tc) 
6 Isothermal for 180 min 
7 Mark end of cycle 
8 Ramp 10°C/min to 300°C 
9 Mark end of cycle / End of method 
 
I.3. Results and Discussion 
 An example plot of the DSC data recorded during the isothermal crystallization step 
(cf. step 6 in Table I.1) at 165°C is provided in Figure I.1, and illustrates the method for 
determining the time required (after reaching isothermal conditions) to reach the 
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maximum in the exothermic crystallization peak.  
 
 
Figure I.1. Evolution of the exothermic crystallization peak for PEF versus time at 165°C. 
 
 A plot of the time required to reach the maximum in the crystallization peak as a 
function of isothermal crystallization temperature (Tc) is provided in Figure I.2 for all 
samples and crystallization temperatures investigated in the current work, where the 
dashed line is drawn to aid the eye. The “time to peak max” data can be interpreted as a 
qualitative indicator of crystallization rate, where a short time indicates a “fast” 
crystallization rate and a long time indicates a “slow” crystallization rate. As seen in 
Figure I.2, the “time to peak max” data exhibit the traditional bell shaped curve as a 
function of Tc, with a minimum time and maximum crystallization rate occurring at 
approximately 160°C. Crystallization temperatures corresponding to the maximum 
crystallization rate for PEF have been reported at 155°C [2], 165°C [3], and 167°C [4], 
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and exhibit excellent agreement with the value of 160°C determined in the current work. 
 
 
Figure I.2. Time required (after reaching isothermal conditions) to reach the maximum in the 
exothermic crystallization peak for PEF (cf. Figure I.1). 
 
 As described in Table I.1, the PEF samples were heated to 300°C at a rate of 
10°C/min after the isothermal crystallization step in order to characterize the subsequent 
melting peaks. Example DSC data corresponding to Step 8 in Table I.1 are provided in 
Figure I.3 for selected Tc values used in the current work, and illustrate the presence of 
two distinct melting peaks in all cases via the dashed lines. The lower temperature 
melting peak scales directly with Tc, and correlates with the melting of imperfect, 
secondary crystals, while the higher temperature peak correlates with the melting of 
primary crystals formed during the isothermal crystallization step. Similar occurrences of 
multiple melting peaks have been reported in various works in the literature for both PEF 
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[2-4] and PET [5]. 
 
 
Figure I.3. DSC heating curves for Step 8 in Table I.1, with the corresponding Tc values indicated 
beside each curve. The dashed lines are drawn to aid the eye. 
 
 The shift in primary melting peak as a function of crystallization temperature (Tc) can 
be used to estimate the equilibrium melting point (Tm
0
) for PEF via the Hoffman-Weeks 
methodology [1]. Figure I.4 provides a plot of the primary melting peak (Tm) vs. Tc, with 
the long dashed line representing Tm = Tc. The equilibrium melting temperature for PEF 
can be obtained via extrapolating the experimental Tm vs. Tc data to the line of symmetry 
from Tm = Tc. Only the four highest Tc temperatures in the current work (i.e, Tc = 170, 
175, 180, and 185°C) were used in the Hoffman-Weeks extrapolation, since the primary 
Temperature (°C)
























crystals formed at the highest Tc values were less likely to be affected by any shift in 
primary melting peak due to possible re-crystallization or reorganization phenomena 
upon heating. The value of Tm
0
 from Figure I.4 was determined to be 237°C, which is 
similar to the value of 240°C reported by Knoop et al. [2], but slightly lower than the 
values of 247°C [4, 6] and 265°C [3] reported elsewhere. 
 
 
Figure I.4. Hoffman-Weeks plot used to determine the equilibrium melting point (Tm
0
) for PEF. 
 
I.4. Summary and Conclusions 
 DSC was used to investigate the isothermal crystallization properties of PEF. The 
crystallization temperature (Tc) corresponding to the maximum crystallization rate was 
determined qualitatively to be 160°C via the minimum in the plot of “time to peak 
maximum” versus Tc (cf. Figure I.2). The crystallization data in this Appendix were not 
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modeled using traditional kinetic models found in the literature [7-9]; however, the data 
herein do provide a qualitative understanding of crystallization in PEF, which is useful 
since “real-world” beverage containers exhibit some degree of crystallinity. Future work 
should investigate the differences in crystal shape, size, and rate of formation for PEF 
crystallized via quiescent (i.e., isothermal) vs. orientation-induced methods, since 
differences are known to exist for PET [10] and since blow-molded containers are 
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PET/GRAPHENE NANOCOMPOSITES: THERMAL, MECHANICAL,  





 This Appendix investigates the effect of melt-mixing graphene with PET on the 
resultant thermal, mechanical, and water transport properties compared to neat PET. 
Graphene is a promising additive for barrier property enhancement due to its 
impermeability to penetrant transport, high aspect ratio, and high tensile strength [1]. 
PET is an ideal candidate polymer for this study, since it is currently the dominant 
polymer in the beverage packaging industry and since PET is not considered a “high 
barrier” polymer regarding oxygen, carbon dioxide, and water transport. 
 
J.2. Materials and Characterization 
 The PET used in this Appendix is the same polymer described previously in Section 
3.1.1, and the graphene was purchased from Angstron Materials, Inc. (Dayton, OH) as 
product #N002-PDR. The purchased graphene exhibited the following characteristics, as 
reported by the supplier: surface area ranging from 400 – 800 m
2
/g, true density of 2.20 
g/cm
3
, approximate thickness of less than three graphene layers, and lateral dimensions of 
less than 10 μm. The pure graphene was extremely fluffy and black, and additional details 
regarding the physical properties can be found on the supplier’s website.  
 The PET/graphene nanocomposites were melt-mixed using a method similar to that 
435 
 
described in Section 3.1.2 for preparing the PET/caffeine batches. The PET was initially 
cryogenically ground into a fine powder and physically mixed with the graphene prior to 
drying the mixture at 120°C for 24 hours under vacuum. The pre-mixing step was 
necessary due to the fluffy nature of the pure graphene, and such pre-mixing facilitated 
homogeneous melt-mixing once added into the Brabender. After melt-mixing according 
to the procedure described in Section 3.1.2, the batches were further processed into 
amorphous films using the method in Section 3.1.3. PET/graphene compositions of 0, 
0.10, 0.53, and 1.0 wt% graphene were investigated in the current work. 
 Differential scanning calorimetry (DSC) measurements were recorded using the same 
procedure described in Chapter 4 (i.e., ramp 0 to 280°C at 10°C/min, followed by cooling 
from 280 to 0°C at 10°C/min), and represent the average of five measurements. 
Preliminary dynamic mechanical analysis (DMA) measurements pertaining to the beta 
relaxation were recorded at sub-ambient temperatures using the same procedure 
described in Chapter 4, and represent one measurement for each graphene composition. 
X-Ray diffraction measurements for the PET/1 wt% graphene film (not shown in this 
Appendix) exhibited no polymer crystallinity peaks or graphitic peaks, confirming the 
amorphous morphology of the samples and the exfoliated nature of the graphene as 
indicated by the vendor. 
 Equilibrium and kinetic water sorption measurements at unit activity were measured 
using thick films (~840 μm) according to the procedure described in Chapter 3 (cf. 
Section 3.4.3) and Chapter 8. Four measurements were recorded for all samples, with the 
exception of three measurements for the 1 wt% graphene sample. All transport 
measurements reported in this Appendix correlate with the amorphous morphology. 
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J.3. Results and Discussion 
J.3.1. Thermal Characterization 
 
 Figure J.1 provides an example DSC thermogram for data measured upon heating and 
subsequent cooling for neat PET (solid line) compared to PET mixed with 1.0 wt% 
graphene (dashed line).  
 
 
Figure J.1. DSC thermogram for PET (solid line) and PET mixed with 1.0 wt% graphene (dashed 
line) during heating and subsequent cooling. The heat-cool cycles illustrate the four major 
thermal events as indicated by the following subscripts: g = glass transition, cc = cold 
crystallization, m = melting, and mc = melt crystallization. 
 
 
 As seen in Figure J.1, the PET/graphene sample exhibits a reduced cold 
crystallization temperature (Tcc) and increased melt crystallization temperature (Tmc) 
compared to neat PET, which indicates that graphene is acting as a nucleating agent for 
PET crystal formation. This notion is further explored in Figures J.2 and J.3, which plot 
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Tcc and Tmc data, respectively, as a function of graphene content. 
 
 
Figure J.2. PET cold crystallization temperature (Tcc) vs. graphene content measured via DSC 




Figure J.3. PET melt crystallization temperature (Tm) vs. graphene content measured via DSC 
during the first cooling cycle from the melt. Uncertainty limits originate from five measurements. 
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 While the nucleating effects of graphene in PET were not fully characterized via 
isothermal crystallization experiments, the decrease in Tcc and increase in Tmc for the 
graphene containing samples vs. neat PET are significant, especially when considering 
the low weight fractions of graphene investigated.  
 
J.3.2. Dynamic Mechanical Characterization 
 Preliminary dynamic mechanical measurements corresponding to the sub-ambient 
beta relaxation are provided in Figure J.4 via the activation energy (EA) of the beta 
relaxation as a function of graphene content. The preliminary data in Figure J.4 suggest 
that the beta peak EA for PET is not affected by the addition of graphene at low 
concentrations, thereby implying that graphene is effectively unable to hinder the PET 
phenyl ring-flipping motions. This behavior is opposite to that observed in Chapter 4 for 
the case of caffeine antiplasticization of PET (cf. Figure 4.10); however, the current 
results are not surprising, since the transport reductions resulting from graphene occur via 
the platelet creating a more tortuous diffusion pathway for the penetrant as opposed to 
antiplasticizing the polymer chains. Preliminary dynamic mechanical data corresponding 
to the storage modulus revealed little difference between all samples; however, more 
measurements should be performed to verify this notion. Transport data regarding the 





Figure J.4. Beta peak EA values for various PET/graphene samples vs. graphene content. The 




J.3.3. Water Sorption and Diffusion at Unit Activity 
 The water sorption measurements at unit activity in this Appendix were measured in 
conjunction with the data for neat PET reported previously in Chapters 8 and 9. 
Solubility (S), diffusivity (D), and permeability (P = DS) values for water at unit activity 
in the PET/graphene samples are provided in Table J.1.  
 
Table J.1. Transport properties for water in amorphous PET/graphene films. Diffusion estimates 
















0 0 357 ± 2 6.9 ± 0.2 326 ± 9 1 
0.10 0.00061 358 ± 1 6.7 ± 0.1 317 ± 6 0.97 ± 0.03 
0.53 0.0032 352 ± 1 5.6 ± 0.1 260 ± 4 0.80 ± 0.03 
1.0 0.0061 346 ± 1 4.8 ± 0.1 218 ± 3 0.67 ± 0.02 




























 As seen in Table J.1, the water uptake at unit activity is relatively unaffected by the 
presence of graphene in the PET/graphene samples compared to neat PET. This behavior 
is expected, since graphene is not envisioned to affect the polymer free volume. On the 
other hand, the diffusion coefficient decreases with increasing graphene content as a 
result of the more tortuous diffusion path around the impermeable graphene platelets. The 
resulting permeability estimates from P = DS can be tentatively described as a function of 
graphene content using the Nielsen model in Equation J.1, where P is the penetrant 
permeability in the nanocomposite, P0 is the penetrant permeability in the neat polymer, 
ϕg is the volume fraction of graphene in the nanocomposite, and α is the platelet aspect 
















 (J.1)  
 
 A plot of the experimental P/P0 data from Table J.1 for water transport in the 
PET/graphene nanocomposites is provided in Figure J.5, along with the optimized model 
fit from Equation J.1 with α = 160. As seen in Figure J.5, the Nielsen model describes the 
experimental data quite well; however, the optimized value of α = 160 is significantly 
lower than the aspect ratio estimated from the graphene vendor’s specifications (i.e., 
~10,000). Such disparities can potentially originate from a variety of factors. Specifically, 
the Nielsen model assumes that the impermeable platelets are perpendicular to the 
concentration gradient across the film, and such assumption is potentially not valid for 
the films in the current application (i.e., the films are essentially un-oriented). It is also a 
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possibility that the Brabender melt-mixing step could have induced agglomeration of the 
graphene sheets, thereby decreasing the overall efficacy to transport resistance. Lastly, 
surprisingly high water fluxes through graphene-based membranes have been linked to 
capillary formation between graphene sheets [4], and could potentially explain the 
behavior observed in the current work. 
 
 
Figure J.5. Experimental P/P0 data for water transport in PET/graphene from Table J.1. The 




J.4. Summary and Conclusions 
 Multiple characterization techniques were used in this Appendix to characterize the 
effect of graphene on the resultant thermal, mechanical, and water transport properties for 
various PET/graphene nanocomposites compared to neat PET. Specifically, DSC testing 
revealed that graphene acts as a nucleating agent for PET as indicated by a reduction in 
Tcc and increase in Tmc for the graphene containing samples compared to neat PET. While 
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not performed in the current study, future work should involve isothermal crystallization 
experiments to more fully understand the nucleating effects of graphene. Preliminary 
dynamic mechanical measurements recorded at sub-ambient conditions revealed that 
graphene is effectively unable to hinder the phenyl ring-flipping motions compared to 
neat PET, which is expected since graphene is not antiplasticizing the polymer matrix. 
Mechanical experiments for future study should involve Instron testing, which can 
accurately assess the effect of graphene on the resultant tensile properties for the 
nanocomposites compared to neat PET. 
 Equilibrium water sorption measurements at unit activity revealed little difference in 
water sorption for the graphene nanocomposites compared to neat PET. Kinetic water 
sorption measurements, however, revealed a detectable decrease in diffusivity for all 
graphene containing samples compared to pure PET. Such reduction in diffusivity occurs 
from the increased penetrant diffusion path length for a penetrant traveling through the 
nanocomposite compared to the pure polymer. Preliminary water permeability values 
were estimated via the relationship P = DS, and the permeability reduction vs. graphene 
content was modeled using the Nielson model with the aspect ratio as an adjustable 
parameter. The optimized aspect ratio obtained via the Nielson model was ~160, which is 
significantly lower than the estimate based on the platelet specifications as reported via 
the vendor (~10,000). Future transport experiments regarding PET/graphene 
nanocomposites should include actual water permeation experiments to verify the 
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K.1. Compressibility Factors 
 The compressibility factor (z), defined in Equation K.1, can be used to correct the 
ideal gas law to account for non-ideal gas behavior. In Equation K.1, p represents the gas 
pressure, V represents the gas volume, n represents the molar quantity of the gas, R is the 








 (K.1)  
 
 As noted in Chapter 3 (cf. Section 3.3.1), compressibility factors were calculated 
using the NIST extended corresponding states equation via the NIST SUPERTRAPP 
program. The pressure dependence of z can be represented by a simple cubic polynomial, 
where the corresponding equations for oxygen and carbon dioxide used throughout this 













Table K.1. Compressibility factor (z) equations for oxygen and carbon dioxide, with pressure (p) 
in units of psia. 
Gas Temp (°C) Compressibility Factor Equation 
O2 
35      5 9 2 12 31 3.581 10 5.654 10 1.602 10z p p p           
45      5 9 2 12 31 2.889 10 5.298 10 1.761 10z p p p           
55      5 9 2 13 31 2.277 10 5.217 10 8.092 10z p p p           
65      5 9 2 13 31 1.735 10 5.167 10 1.354 10z p p p            
 
CO2 
35      4 8 2 11 31 2.997 10 6.702 10 3.020 10z p p p             
45      4 8 2 11 31 2.696 10 5.207 10 1.682 10z p p p             
55      4 8 2 12 31 2.432 10 4.022 10 9.118 10z p p p             
65      4 8 2 12 31 2.199 10 3.109 10 3.751 10z p p p             
 
 
